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FOREWORD 

Knowledge  of  the  ocean  and  its  processes  develops 
slowly.   It  is  the  result  of  the  work  of  many  researchers 
in  this  country  and  throughout  the  world.   To  be  useful, 
however,  each  new  increment  of  knowledge  must  be  dissem- 
inated so  that  the  other  workers  will  know  of  it  and  be 
able  to  build  upon  it. 

Because  the  published  results  of  the  scientific  and 
technical  work  of  ESSA's  Atlantic  Oceanographi c  and 
Meteorological  Laboratories  and  Pacific  Oceanographi c 
Laboratories  are  scattered  through  the  literature,  they  are 
being  brought  together  in  a  series  of  annual  publications. 
These  publications  provide  to  researcher  and  to  interested 
layman  alike  a  convenient  summary  of  the  results  of  the 
work  of  these  two  Research  laboratories  of  the  Environmental 
Science  Services  Administration  of  the  U.  S.  Department  of 
Commerce . 

This  volume,  the  fourth  in  the  series,  holds  the 
published  papers  for  the  year  196y. 


Harris  B.  Stewart,  Jr. 
Di  rector 

Atlantic  Oceanographi c  and 
Meteorological  Laboratories 
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Down  into  the  Sea  in  Ships 

By  Robert  S.  Dietz 

A  tlantic  Oceanographic  Laboratories 

Environmental  Science  Services  Administration 

and 

Robert  F.  Dill 

Marine  Environment  Division 

Naval  Undersea  Warfare  Center,  San  Diego 


RECALLING  THE  EXTENSIVE  debug- 
-  ging  and  tedious  preparation 
when  diving  with  Jacques  Piccard  and 
his  bathyscaph  Trieste  off  Italy  more 
than  a  decade  ago,  many  have  been 
skeptical  that  the  new  generation  of 
Deep  Research  Vehicles  (DRV's) 
are  really  ready  to  do  useful  routine 
work  in  probing  the  ocean  floor.  So 
was  Robert  Dietz  when  invited  by  the 
Naval  Undersea  Warfare  Center  of 
San  Diego  to  be  a  co-observer  with 
Robert  F.  Dill  for  two  dives  in  the 
Gulf  of  California  with  Westing- 
house's  Deepstar  4000.  This  caution 
proved  unnecessary,  as  the  whole 
operation  clicked  off  with  clock-like 
precision — two  five-hour  dives  in  two 
days  without  a  hitch. 

Early  on  the  morning  of  January 
22,  1968,  Dill  and  Dietz  slithered  into 
the  egg-shaped,  yellow  submarine.  The 
pressure  hull  is  so  jammed  with  equip- 
ment that  it  was  like  crawling  into  the 
works  of  some  giant  Swiss  watch. 

An  articulated  crane,  actually  a 
modified  back-hoe,  deftly  lifted  the 
sub  off  the  deck  and,  with  the  care 
given  an  egg,  carefully  set  it  down  on 
the  sea's  mirror  surface.  As  Deepstar 
is  retained  by  a  nylon  tagline,  a  skin 


diver  inspected  her,  tripped  the  re- 
lease, and  within  a  minute  or  two  the 
dive  commenced.  Once  below  the  sur- 
face, the  dancing  rays  of  sunlight  flick- 
ered out,  daylight  quickly  faded  to 
deep  green  twilight  and  then  to  abso- 
lute blackness.  All  buffeting  by  the 
waves  ceased  as  the  serene  realm  of 
inner  space  was  entered.  For  those 
poor  sailors  who  get  a  queazy  feeling 
when  someone  waves  good-bye  from 
dockside,  DRV  diving  is  the  way  to 
go — stability  prevails,  no  roll,  no 
pitch,  and  no  yaw. 

Deepstar  has  an  unusual  mode  of 
descent.  It  is  usually  done  "dead  stick" 
rather  than  under  power.  Purposely 
weighted  eccentrically,  it  spirals  down 
backwards,  making  two  turns  per  min- 
ute and  sinking  1,000  feet  each  fifteen 
minutes.  This  allows  excellent  viewing. 
The  mid-water  creatures  slowly  swing 


Rising  from  the  depths  with  the  cren- 
of  three  still  aboard,  Deepstar  4000  is 
snatched  aboard  the  mother  ship  by  an 
articulated  crane,  which  looms  like  a 
giant  preying  mantis.  (Ron  Church) 


by,  seeming  to  spiral  helically  upward. 
But,  more  importantly,  it  conserves 
power  and  permits  a  touchdown  di- 
rectly beneath  the  launch  point.  This 
is  especially  useful  when  trying  to  land 
at  a  site  that  has  been  previously  se- 


lected after  a  brief  echo-sounder  sur- 
vey. Once  the  Deepstur  is  100  feet  off 
the  bottom,  as  revealed  by  its  own 
echo  sounder  or  by  the  bottom  sud- 
denly looming  into  view,  a  200-pound 
weight  is  dropped  so  that  the  DRV 


Fish-eye  view  of  the  compact  interior 
of  Westinghouse's  Deepstar  4000.  (Ron 
Church) 


Prehensile  arm  of  Deepstar  4000 
reaches  down  to  grasp  a  gastropod  while 
a  shrimp  remains  close  by.  Such  samples 
of  biota  and  rocks  are  stored  in  a  small 
"vest  pocket"  outboard  of  the  capsule 
until  the  submarine  returns  to  the  sur- 
face. (Robert  F.  Dill) 


levels  off,  as  it  is  then  neutrally  buoy- 
ant. A  slow  descent  for  the  remaining 
distance  to  the  bottom  is  done  under 
power.  In  the  cruising  mode,  one  may 
then  fly  a  few  feet  off  the  bottom, 
touching  down  now  and  then  to  care- 
fully observe  some  benthic  animal  or 
break  off  a  rock  sample  with  the  hy- 
draulic claw. 

Should  any  water  leak  in,  a  possible 
emergency  measure  might  have  been 
to  drink  it.  But  our  best  assurance  was 
in  our  pilot,  Ron  Church,  for  here  was 
a  man  who  could  "keep  his  cool."  (He 
is  one  of  the  few  skin  divers  who  have 
actually  photographed  a  shark  attack. 
While  tending  a  wave-recording  meter 
off  Wake  in  1958,  a  white-tipped 
shark  twice  attacked  his  colleague, 
Jim  Stewart,  the  diving  officer  of  the 
Scripps  Institution  of  Oceanography, 
who  almost  lost  his  arm.) 

The  target  on  these  two  dives  was 
the  axis  of  submarine  canyons,  deep 
gashes  that  cleave  the  continental 
slopes  of  the  world.  Two  were  investi- 
gated, Los  Friales  and  Palmas  in  the 


"-^ 


Gulf  of  California.  Once  on  bottom, 
Deepstar  attempted  to  wend  its  way 
up  the  axis  toward  the  shore-end  head. 
This  proved  to  be  an  ambitious  task, 
only  partially  achieved,  as  these  can- 
yons are  rugged  and  tortured  domains. 


Left:  lush  growth  of  siliceous  sponf^e, 
ophiuroids,  anemones,  and  hybroids 
cover  the  thinly  bedded  Pliocene  wall 
rock  in  Las  Palmas  Canyon,  Baja  Cali- 
fornia. 

Right:  90°  contact  between  the  fdl 
and  wall  rock  is  typical  of  areas  swept  by 
periodic  strong  currents.  The  heavy  cover 
of  organisms  indicates  abundant  food  is 
provided  by  canyons  channeling  organic 
material  from  the  euphotic  zone  into  the 
deep  sea. 

Far  right:  steeply  dipping  beds  of 
thin  shale  mark  a  large  fault  that  cuts 
across  the  canyon.  (Robert  F.  Dill) 


Although  their  ultimate  origin  remains 
obscure,  these  canyons  are  today  being 
actively  eroded  by  processes  acting  be- 
neath the  sea.  They  can  hardly  be 
drowned  and  dead  river  canyons,  for 
they  appeared  as  freshly  cut  as  any 
river  canyon  on  the  nearby  land.  Tum- 
bled debris  and  fresh  rock  scars  were 
on  all  sides. 

Canyons  Like  Glacial  Valleys 

In  detail  submarine  canyons  are 
quite  unlike  land  canyons.  There  is  an 
absence  of  the  fine  rivulet  sculpturing 
seen  on  land  but,  instead,  there  are 
plunging  swales  and  debris-filled, 
U-shaped  floors  reminiscent  of  a 
moraine-glutted  glacial  valley.  This  is 
evidence  of  recent  slides,  slumps,  and 
other  mass  movements.  Large,  lenticu- 
lar, sandy  silt  bodies  were  also  a  prom- 
inent aspect  of  the  underwater  scene. 
Some  of  these  formed  tail  dunes  piled 
up  on  the  down-slope  lee  of  large 
blocks  of  wall  rock  that  had  fallen  into 
the  canyon  axis.  Such  features  could 


perhaps  attest  to  turbidity  current 
flows,  rivers  of  mud  which,  from  time 
to  time,  cascade  down  the  canyon  axis 
impelled  by  gravity  like  a  stream  of 
mercury,  or  maybe  another  type  of 
unknown  bottom  current.  There  is 
much  yet  to  be  learned  about  what 
really  goes  on  in  these  mystifying  can- 
yon heads  and  these  dives  only  open 
the  door  to  solving  their  tnie  origin. 
But  this  was  not  the  main  purpose  of 
these  dives.  It  was  to  study  how  sedi- 
ment moves  into  the  deep  sea  from 
land.  Canyons  are  one  of  the  main 
avenues  down  which  sediment  travels 
and  they  play  an  important  role  in  con- 
trolling sediment  distribution  patterns 
on  the  sea  floor.  Knowing  what  hap- 
pens on  today's  sea  floor  helps  us  un- 
derstand what  happened  in  the  ancient 
continental  sea  in  which  the  marine 
sediments  we  now  find  on  land  were 
deposited. 

Whether  or  not  the  undersea  realm 
is  a  silent  world  one  would  never  learn 
aboard  Deepstar,  as  there  is  so  much 


self  noise.  The  echo  sounder  pings, 
the  hydrauhc  systems  whirr,  the  in- 
verter whines,  and  the  underwater 
telephone  (UQN)  crackles  with  the 
white  noise  of  static  even  on  standby. 
But  amidst  this  cacaphony,  a  periodic 
sputtering  coming  from  the  outside  can 
still  be  sorted  out.  This  is  a  friendly 
noise — the  outboard  motor  of  Search- 
tide's  skiff  "flying  top  cover"  and  keep- 
ing acoustic  surveillance.  This  small 
boat  was  christened  Ratspeed  not  in 
mock  affection  or  in  deference  to  her 
habit  of  scampering  about,  but  simply 
because  this  name  is  Deepstar  spelled 
backwards. 

Abyssal  Animals  Pay  No  Heed 

The  bottom  was  rich  in  life  attesting 
to  the  nutrient-rich  waters  of  the  Gulf. 
Most  striking  were  the  numerous 
shrimp  and  the  Lilliputian  fish  fauna 
of  brotulids  and  rat-tails,  3  or  4 
inches  long.  They  were  spread  out  in 
one-species  domains  within  which 
each  animal  seems  to  have  his  own 


territory  of  perhaps  1  square  yard. 
Curiously  none  of  these  abyssal  ani- 
mals were  "spooked"  by  Deepstar, 
being  oblivious  to  our  presence.  Occa- 
sionally schools  of  squid  flashed  by 
attracted  by  our  powerful  lights.  We 
missed  the  friendly  sable  fish  so  com- 
mon off  California,  which  in  sleek 
droves  like  to  bathe  in  the  lights  of  a 
DRV.  They  even  poke  their  noses 
against  the  view  port  as  though  the 
bathynauts  were  goldfish  in  a  bowl. 
The  denizens  of  the  deep  are  a  friendly 
lot  with  but  few  exceptions,  perhaps 
most  notably  not  the  shy  octopus,  but 
rather  the  broad-billed  swordfish, 
Xiphias  gladius.  Although  usually  re- 
garded as  a  surface  dweller,  this  fish 
has  "buzzed"  Deepstar  and  even 
rammed  other  DRV's  at  depths  as 
great  as  2,000  feet.  (See  "Broadbill 
Swordfish  in  Deep  Water,"  Sea  Fron- 
tiers, Vol.  14,  No.  4,  July- August, 
1968.)  DRV's  are  revealing  much 
new  information  about  the  depth  range 
of  so-called  surface  animals.  From  the 


Diving  Saucer  in  a  canyon  nearby, 
Joseph  Curray  of  Scripps  Institution 
of  Oceanography  noted  a  green  turtle 
at  600  feet  and  aboard  Aluminaut  off 
Florida  a  bottle-nosed  dolphin,  Tur- 
siops  truncatus,  was  seen  at  600  feet. 
No  strong  currents  were  encoun- 
tered, but  neither  was  the  water  ever 
completely  still.  The  most  rapid  flow 
was  estimated  to  be  about  two-tenths 
of  a  knot,  which  was  not  sufficient  to 
cause  observable  rippling  or  erosion 
of  the  bottom.  In  some  areas,  how- 
ever, there  was  clear  evidence  that 
some  earlier  movements  had  been 
caused  by  strong  currents.  Such  do- 
mains are  covered  with  smoothed- 
over  or  decayed  ripple  marks  that 
have  not  yet  fully  disappeared. 

Maintaining  Position  in  the  Dar|{ 

The  benthic  fauna  reacts  to  the  cur- 
rent regime  in  a  curious  manner.  The 
shrimp  and  fish  are  oriented  upstream 
much  as  birds  on  land  face  into  the 
wind.  This  is  perhaps  to  be  expected 


for  animals  that  rest  on  the  bottom, 
such  as  the  shrimps  and  the  tripod 
fish,  Bathypterois.  But  what  about  the 
rat-tails  and  brotulids  which  hover 
just  off  the  bottom  and  hold  station, 
exactly  offsetting  the  bottom  current? 
One  can  understand  how  a  trout  main- 
tains position  in  a  tumbling  mountain 
stream,  for  he  can  fix  his  position  vis- 
ually. But  in  the  perpetual  inky  black- 
ness of  the  abyss  eyes  are  of  no  avail. 
For  some  of  these  hoverers,  a  fine 
trailing  thread  could  be  detected 
which  seemed  to  be  designed  to  pro- 
vide tactile  contact  with  the  bottom. 
But  this  is  at  most  a  partial  answer  to 
this  mystery,  for  any  fish  had  no  such 
"sounding  line"  or  were  much  too 
high  off  the  bottom  to  use  such  a  de- 
tector. Perhaps  they  have  some  sort 
of  "sixth  sense"  within  their  lateral 
line  which  provides  intelligence  on  the 
precise  whereabouts  of  the  bottom. 

Both  of  these  dives  were  terminated 
by  ascents  up  the  sheer  side  walls  of 
the  submarine  canyons,  cliffs  500  feet 


Far  left:  a  5-foot  granite  block 
forms  an  erratic  in  the  sediment  fill  of 
the  canyon  at  a  depth  of  3,000  feet.  The 
large  scour  depression  around  the  block 
is  evidence  of  periodic  strong  bottom 
currents.  The  gorgonian  coral  attached 
to  the  rock  is  oriented  to  the  prevailing 
current  direction.  {Robert  F.  Dill) 

Left:  tripod  fish,  Bathyterois  bigelowi, 
and  right:  rat-tail  fish,  Coryphae- 
noides  acrolepis,  were  photographed  on 
an  earlier  dive  of  Deepstar  4000.  (Ron 
Church) 


and  800  feet  high,  respectively.  The 
rocky  walls  were  mostly  thinly-bedded 
mudstone  lying  in  a  horizontal  atti- 
tude and  probably  of  late  Tertiary  age. 
Such  strata  do  not  outcrop  on  the 
nearby  land.  Little  is  known  for  sure 
about  their  origin,  but  it  is  surmised 
that  they  may  be  beds  laid  down  in  a 
localized  deep  basin  formed  in  the 
Miocene  or  Pliocene  about  5  to  15 
million  years  ago  when  the  Gulf  of 
California  first  opened  up.  The  Gulf 
appears  to  be  a  giant  gore  created  by 
rifting  as  the  deep  earth's  mantle 
spread  laterally  from  a  newly-formed, 
"misplaced"  mid-ocean  rise,  an  exten- 
sion of  the  East  Pacific  Rise.  This  is, 
in  turn,  but  a  tail  on  the  great,  world- 
wide oceanic  rift  system  which  runs 
for  20,000  leagues  under  the  sea. 

So  ended  Deepstar  4000  Dives  342 
and  343,  each  to  3,300  feet  (deeper 


than  Bebee's  record  half  mile  down) 
and  lasting  about  five  hours.  DRV  div- 
ing is  certainly  high  adventure,  but  it 
is  a  credit  to  Westinghouse  and  the 
Deepstar  team  that  they  made  the 
whole  operation  look  easy.  Over  the 
years  Dietz  and  Dill  have  made  dives 
in  Kuroshio,  Trieste,  Archimede,  Div- 
ing Saucer,  and  Aluminaut,  but  never 
before  with  such  ease.  It  would  seem 
that  the  Deepstar  team  did  this  sort  of 
thing  almost  every  day  —  and,  with 
over  400  dives  in  the  eighteen  months 
prior  to  these  dives,  they  really  do. 

It  is  not  sufficient  to  remotely  probe 
the  ocean  with  samplers  and  geophys- 
ical sensors.  To  gain  full  insight  it  is 
necessary  to  enter  the  medium  and 
grapple  intimately  with  the  sea.  The 
new  generation  of  DRV's  offer  this 
capability.  Their  advent  is  ushering  in 
a  new  era  in  oceanography. 
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Precise  Echo  Sounding  in  Deep  Water 
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ABSTRACT 

The  advent  of  narrow-beam  stabilized  echo  sounders  and  shipboard  digital  computers 
is  revolutionizing  bathymetry  measurements  in  the  deep  ocean.  New  and  more  precise 
procedures  for  obtaining  and  correcting  depth  measurements  are  described,  and  the 
application  of  these  methods  aboard  the  USC&GS  ship  Discoverer  is  presented. 


EQUIPMENT 

The  United  States  Coast  and  Geodetic  Survey 
ship  Discoverer  is  equipped  with  a  Narrow-Beam 
Echo  Sounder  (NBES)  designed  and  built  by  the 
Harris  ASW.  Division  of  General  Instrument  Corp. 
The  performance  specifications  were  provided  the 
corporation  by  the  Coast  and  Geodetic  Survey. 
Among  the  specifications  was  that  this  echo  sounder 
is  to  project  a  12  kHz  narrow  sound  beam  to  be 
effectively  2§  degrees  total  beam  (3  db  down).  The 
sound  beam  is  gyro  stabilized  to  ±1  degrees  of  the 
local  gravity  vertical  within  the  limitations  of  ±10 
degrees  pitch  and  ±20  degrees  roll.  The  depth 
resolution  is  ±1  fathom  at  4000  fathoms.  The 
sounding  is  displayed  on  a  digital  display  to  the 
nearest  whole  fathom,  as  well  as  on  the  conventional 
analog  readout,  a  McKiernan-Terry  Corp.  Mark  XV 
Precision  Depth  Recorder  (PDR).  The  digital  display 
of  the  NBES  aboard  the  Discoverer  was  adjusted  to 
provide  an  automatic  correction  for  the  average  draft 
of  the  transducers. 

The  Data  Acquisition  System  (DAS)  of  the 
USC&GS  ship  Discoverer  is  a  Westinghouse  Prodac 
510  processor  utilizing  a  UNIVAC  1218  computer. 
The  system  is  designed  to  collect,  process,  display, 
and  store  environmental  data  such  as  bathymetry, 
gravity,  magnetics,  wind  speed  and  direction,  and  air 
and  surface  water  temperatures;  control  data  such 
as  ship's  course  and  speed,  and  position;  and  on- 
station  data  which  includes  water  temperature, 
salinity,  and  velocity  of  sound  as  a  function  of  depth. 


OPERATING  PROCEDURE 

Prior  to  departure  on  a  cruise,  anticipated  values 
of  the  velocity  of  sound  are  provided  to  the  Coast 


and  Geodetic  Survey  by  the  National  Oceanographic 
Data  Center.  Computations  are  made  from  historical 
data  using  the  empirical  equation  of  W.  D.  Wilson.' 

The  values  provided  to  the  ship  are  divided  into 
applicable  geographic  zones.  As  the  survey 
progresses  from  zone  to  zone,  the  values  of  the 
velocity  of  sound  are  changed  to  conform  with  the 
particular  area  of  operations.  An  example  of  the 
geographic  zones  for  a  project  is  shown  in  figure  1. 


Figure  1.  — Geographic  zones  for  velocity  corrections.  Correc- 
tions to  soundings,  as  read  from  the  sounding  instrument, 
are  changed   as  the  trackHne  progresses  from   zone  to  zone. 


'Wilson,  W.  D..  Equation  for  speed  of  sound  in 
seawater  Jour^a/  of  the  Acoustical  Society  of  America,  \  ol.  32,  p. 
1357.  I960. 


NARROW-BEAM  ECHO  SOUNDING^ 

In  this  paper,  the  term  sounding  means  the 
uncorrected  reading  of  the  echo  sounder;  depth 
means  the  vertical  distance  from  the  water  surface 
to  the  bottom.  The  term  automatic  depth  input  as 
used  in  the  description  of  the  data  acquisition 
system  means  automatic  sounding  input. 

The  narrow-beam  echo  sounder  projects  a  signal 
at  a  repetition  rate  which  is  a  function  of  the  depth. 
If  the  water  depth  is  in  the  range  of  0-400  fathoms,  a 
signal  is  projected  once  every  second;  if  the  depth  is 
400-800  fathoms,  the  signal  is  projected  every  2 
seconds,  etc.  This  echo  sounder  is  designed  to 
receive  the  projected  signal  before  the  next  sound 
burst  is  triggered. 

The  first  wave  form  of  the  returning  sound  pulse 
that  exceeds  a  preset  threshold  level  is  used  to 
measure  the  elapsed  traveltime  of  the  projected 
signal.  The  time  count,  which  began  with  the  trigger 
pulse,  is  stopped  when  the  trend  of  the  amphtude  of 
this  wave  form  is  reversed  (see  fig.  2).  The  elapsed 
time  is  converted  to  fathoms  and  is  displayed  on  the 
digital  readout. 


Point  of  amplitude  reversal 


Threshold  level 


Figure  2.  — Superposition  of  the  oscilloscope  trace  of  the 
detected,  filtered,  and  amplified  receiver  output  over  a  sec- 
tion of  PDR  trace. 

The  mark  on  the  precision  depth  recorder  begins 
after  the  returning  signal  exceeds  a  preset  threshold 
level,  but  before  the  amplitude  is  reversed,  and 
lingers  past  the  point  of  amplitude  reversal  until  the 
threshold  level  is  again  reached.  This  produces  a 
mark  on  the  graphic  recorder  which  varies  from  hght 
to  dark  to  Hght  again  as  the  signal  passes.  The 
change  in  density  is  not  discernable  to  the  eye.  This 
implies  that  the  digital  sounding  is  not  necessarily 
coincident  with  the  leading  edge  of  the  mark  on  the 
recorder.  This  is  illustrated  in  figure  2. 

The  difference  in  digital  and  analog  values 
depicted  in  figure  2  was  taken  from  a  test  conducted 

^Technical  Manual,  Narrow-Beam  Echo  Sounder,  Volume  1, 
System  Description,  General  Instrument  Corp. 


aboard  the  Discoverer.  The  3-fathom  draft  correction 
was  subtracted  from  the  digital  value  prior  to  the 
comparison.  The  apparent  difference  in  soundings 
may  be  due  to  many  factors  among  which  are  bottom 
slope,  paper  distortion,  and  instrumental  error.  It 
should  be  recognized  that  a  1-fathom  difference  will 
occur  if  the  time  from  the  threshold  to  amphtude 
reversal  is  2.5  milliseconds. 

The  digital  value,  with  the  draft  correction,  is 
automatically  read  into  the  data  acquisition  system 
when  automatic  depth  input  (ADI)  is  initialized.  For 
the  sake  of  continuity,  the  digital  readings  are  used 
to  obtain  soundings  whenever  the  narrow-beam  echo 
sounder  is  in  operation. 

The  narrow-beam  echo  sounder  is  a  gated 
instrument.  The  gating  switch  is  divided  into  ranges 
of  400  fathoms.  This  provides  coordination  with  the 
scales  on  the  precision  depth  recorder.  If  this  switch 
is  set  at  a  range  less  than  the  sounding,  the  digital 
readings  become  erratic.  If  the  setting  is  greater,  the 
digital  readings  remain  correct;  however,  the  signal- 
to-noise  ratio  will  decrease.  A  time-varied-gain 
(TVG)  effectively  provides  greater  receiver 
sensitivity  with  increasing  depth. 

The  echo  sounder  gating  provides  positive 
identification  of  the  correct  400-fathom  multiple, 
hence  scale  checks  on  the  precision  depth  recorder 
are  not  necessary  with  the  narrow-beam  echo 
sounder  operation.  Scale  checks  may  be  easily 
accomplished  on  the  Narrow-Beam  Echo 
Sounder-Precision  Depth  Recorder  by  switching  to 
the  0-  to  4000-fathom  scale  nn  the  graphic  recorder; 
the  gain  on  the  Precision  Depth  Recorder  usually 
must  be  reduced  during  this  operation. 

The  recording  procedure  is  as  follows:  At  the 
prescribed  intervals,  the  sounding  is  read  from  the  ■ 
echo  sounder  digital  display,  and  written  on  the 
graphic  recorder  trace  for  cross  reference  on  the 
appropriate  time  mark.  If  automatic  depth  input  is 
initialized  in  the  data  acquisition  system,  the 
sounding  record  is  checked  as  the  survey 
progresses.  Manual  entry  requires  check  scanning  at 
a  later  time. 

DATA  REDUCTION 

Reduction  of  the  soundings  is  accomplished  by 
the  data  acquisition  system  on  a  real-time  basis.  The 
reading  of  the  echo  sounder  is  entered  into  the 
system  either  manually  or  automatically;  manual 
entry  is  necessary  when  operating  conditions  require 
the  manual  override  of  the  time-varied-gain.  After 
processing  for  the  velocity  of  sound,  the  depth  is 
displayed  on  a  Nixie  tube  readout,  printed  on  the 
hydrographic  and  geophysical  report  typeouts,  and 
stored  on  magnetic  tape. 


Definitions  of  sounding  velocity''  and  echo  sounder 
depth''  are  now  in  order.  Sounding  velocity  (Sv)  is  the 
weighted  mean  (Mn)  of  the  velocity  of  sound  (Vs) 
with  depth  (Z);  that  is,  integrated  velocity  from  the 
surface  to  the  stated  depth.  Echo  sounder  depth  {Z«) 
is  the  sounding  the  instrument  will  read  in  a  water 
column  whose  sounding  velocity  is  not  identical  with 
the  instrumental  velocity  of  800  fathoms  per  second. 

The  computer  corrects  the  sounding  for  acoustic 
velocity  in  the  following  manner:  The  entered 
reading  of  the  echo  sounder  is  converted  to  time  by 
dividing  by  the  instrumental  velocity  of  800  fathoms 
per  second.  The  computer  then  searches  a  listing  of 
sounding  velocity  versus  echo  sounder  depth;  a 
linear  interpolation  is  performed  between  the 
tabulated  values  for  the  applicable  sounding 
velocity.  The  corrected  depth  is  calculated  by 
multiplying  the  sounding  velocity  by  time. 

The  sounding  velocity  may  be  derived  from  the 
basic  equation  for  the  weighted  mean''  of  any 
parameter: 


S-^'^'- 


Mn  =  '-^ 


i-Y'- 


(1) 


Mn  =  - 


f^AZiVsi 


t^' 


■SVn 


(2) 


The  denominator  when  expanded: 

2AZ(  =  AZ,  +  AZ,  +  AZ3+.  .   .  +  AZ„ 
1=1 

=  Zi  — Zi)-\- Zt       Z  I  "I"  Z.'j  —  Z2    I    .     .     .    +Zn        Zn- 


=  -Zo  +  (Z,-Z,)+(Z2-Z2)  + 

=       Zo"!"  Zn 

but  Zo,  the  surface  =  0, 
therefore 


+  Z„ 


^^Zi  =  Zn 


Rewriting  (2) 


X  Vsi^Zi 


SVn  = 


where  Qi  is  any  variable  and  Xi  is  the  interval  over 
which  Qi  is  applicable. 

In  order  to  determine  the  mean  velocity  from  the 
surface  to  a  stated  depth,  it  is  assumed  that  linearity 
exists  between  the  point  sources  of  the  data  as 
shown  in  figure  3. 

Consider  the  case  of  Z,  to  Z,-i,  the  mean  velocity 
can  be  written: 


Vsi+Vsi- 


-Vsi  =  Qi 


The  bounded  interval  over  which  this  value  applies 
is: 

Z,-Z,_,  =  AZi  =  ^,- 

Z,  must  always  be  greater  than  Z,-i. 
Substituting  into  equation  (1): 


^Sverdrup,  H.  U.,  Johnson,  M.  W.,  and  Fleming,  R.  H.,  The 
Oceans,  Prentice-Hall,  Englewood  Cliffs,  N.  J.,  p.  79f,  1942. 

*Ryan,  T.  V.,  and  Grim,  P.  J.,  "A  New  Technique  for  Echo 
Sounding  Corrections,"  International  Hydrographic  Review,  Vol. 
XLV.No.  2.PP.41-58, 1%8. 

'James  C,  and  James,  R.  C,  Editors,  Mathematics  Dictionary, 
Van  Nostrand,  Princeton.  N.  J.,  p.  380, 1949. 


1     (="    _ 


(3) 


i-i 


VELOCITY  OF  SOUND 

"VT; 


Figure    3. —  Point    to    point    distribution    of    velocit>    of    sound 
versus  depth. 


The  summation  is  fromZ  =  0,  the  surface,  to  Z  =  n, 
the  depth  to  which  the  integration  is  desired.  The 
function  Vs  is  continuous  on  the  closed  interval  0 
^Z,  ^Z„,  hence  the  definite  integral  exists,  and  the 
equation  may  be  written: 

Sv  =  ^  (^  Vsdz  (4) 

Z  Jo 

The  integral  is  evaluated  numerically  by  means  of 


the  trapezoidal  rule.  The  entering  arguments  of  Vs 
and  Z  are  the  tabulated  values  at  the  standard 
oceanographic  depths.  The  standard  oceanographic 
depths  are  enumerated  in  appendix  1.  The  average 
velocity  of  sound  (Vs)  is  calculated  for  the  standard 
oceanographic  layers.  An  example  of  these 
calculations  is  shown  in  appendix  1.  A  graphic 
illustration  of  sounding  velocity,  velocity  of  sound, 
and  instrumental  velocity  is  shown  in  figure  4. 
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Figure  4. —  Velocity  as  a  function  of  depth. 


Computer  programming  of  sounding  velocity  is 
accomplished  by  substituting  into  equation  (3)  the 
expressions  for  Vst  and  AZt  above,  and  developing 
the  following  algorithm: 


Sv- 


(5) 


The  echo  sounder  depth  (Zg)  is  derived  from  the 
basic  equation:  Distance  =  time  iT)X  speed.  For  an 
instrument  calibrated  for  a  standard  speed  of  sound 
in  sea-water  of  800  fathoms  per  second: 


Z,,-rx800fm/s 
=  rx  1463.04  m/s 


(6) 


The  metric  conversion  is  based  on  the  U.S.  Survey 
Foot  which  by  definition  equals  1200/3937  meter 
exactly. 

True  depth®  (Zt)  has  the  same  relationship  to  time: 


Zt=TxSv 


(7) 


Solving  the  simultaneous  equation  for  echo  sounder 
depth: 


Z,  X  1463.04 

Sv 


(8) 


The  sounding  velocity  in  equation  (8)  is  the 
applicable  value  for  the  true  depth.  These 
calculations  are  shown  in  the  example  in  appendix  1. 

An  example  of  the  computer  listing  for  the 
calculations  in  appendix  1  is  shown  in  appendix  2.  A 
gradient  is  applied  to  best  fit  the  historical  data 
beyond  the  deepest  tabulated  value. 

The  original  data  acquisition  system  programming 
would  not  allow  the  numerical  value  of  the  depth  to 
exceed  the  value  of  the  sounding  velocity  in  the 
listing.  Effectively  this  meant  that  the  gradient  had 
to  be  linear  from  1500  meters  to  the  bottom.  The  data 
acquisition  system  software  was  changed  to  correct 
this  situation. 

The  use  of  sounding  velocity  computations  is  a 
computer  application  of  the  basic  method  of  hand 
corrections  outlined  in  Pub.  20-2,  Hydrographic 
Manual.^  Sounding  velocity  computations  have  been 
used  aboard  the  USC&GS  ship  Discoverer  since  she 
went  into  operation  in  July  1967.  The  refinement  of 
interpolating    with    echo    sounder    depth    as    the 

*"True  depth"  is  understood  to  mean  precise  in  the  theoretical 
sense;  the  accuracy  of  the  value  is  not  implied. 

'Jeffers,  K.  B.,  Hydrographic  Manual,  Publication  20-2,  U.S. 
Coast  and  Geodetic  Survey,  Washington,  D.C.,  p.  182  ff,  1%0. 


entering  argument,  as  suggested  by  Kyan  and  Grim,* 
is  now  in  effect. 

LIMITATIONS  IN  SHOAL  WATER 

The  procedure  of  adding  the  draft  of  the 
transducers  to  the  echo  sounder  depth  prior  to 
processing  the  soundaug  for  acoustic  velocity  will 
introduce  an  error  in  shoal  water.  It  is  desired  to 
keep  all  errors  less  than  1/2  of  1  percent  of  the 
depth.  That  is: 


0.5%  =  %  error  =  ■ 


Z, 


Z, 


xlOO 


(9) 


where  Zc  is  the  computed  depth.  The  true  depth 
and  the  computed  depth  may  be  written  in  the 
following  form: 


Z.= 


1463 


xSv 


„  _Zs  +  d.     „ 
^^-"1463"^^^ 


QO) 


(11) 


where  d  is  the  draft  of  the  transducers  in  meters. 

Substituting  equations  (10)  and  (11)  into  equation 
(9)  and  solving  for  echo  sounder  depth,  it  can  be 
stated  that  an  error  that  exceeds  1/2  of  1  percent  of 
the  depth  will  be  introduced  if: 


200- 


294063 


Si 


(12, 


Consider  the  case  of  a  Class  I  Oceanographic 
Survey  Vessel  whose  draft  is  approximately  6 
meters.  If  the  sounding  velocity  is  a  rather  high  1542 
meters  per  second,  an  error  that  exceeds  1/2  of  1 
percent  of  the  depth  will  be  introduced  when  the 
fathometer  depth  equals  55.8  meters  (30.5  fathoms). 

Due  to  signal  blanking,  the  narrow-beam  echo 
sounder  is  not  usable  in  depths  less  than  40  fathoms. 
Furthermore,  current  project  instructions  require 
the  use  of  a  shoal  water  echo  sounder  in  depths  less 
than  100  fathoms.  Hence,  the  narrow  beam  sounder 
coupled  with  the  data  acquisition  system  will  not. 
under  even  these  extreme  conditions,  inadvertently 
introduce  this  error. 

FUTURE  REFINEMENTS 

Many  of  the  refinements  suggested  by  Ryan  and 
Grim'*  in  area  surveys  recognize  the  fact  that  off-line 


"Ryan.  T.  \'.,  and  Grim.  P.  J.,  Op.  cit.  note  4. 
»lbid. 


postsurvey  processing  is  necessary.  On-line,  real- 
time processing  depends  on  the  use  of  historical 
data.  This  is  an  obvious  shortcoming  of  the 
Discoverer's  methods.  It  must  be  recognized, 
however,  that  a  practical  limit  may  have  been 
reached  with  the  present  state-of-the-art  that 
warrants  additional  equipment  and  processing 
uneconomical. 

A  compiler  language  program  for  the 
Westinghouse  Prodac  500  of  the  sounding  velocity 
and  fathometer  depth  is  given  as  appendix  3.  This 
program  can  be  adopted  to  provide  on-station,  real- 
time, calculation  of  these  parameters  for  multisensor 
data  input,  as  well  as  off-line  processing  of  historical 


data  or  Nansen  cast  data.  The  addresses  in  the 
program  were  arbitrarily  chosen  and  will  have  to  be 
changed  for  use  with  the  present  data  acquisition 
system  on-station  programs;  the  scale  factors  (B4  for 
velocity  of  sound,  and  BO  for  depth)  conform  to  the 
scaling  in  the  present  system  on-station  program. 
This  scaling  satisfies  the  accuracy  of  the  data  input. 

CONCLUSION 

This  report  represents  a  cohesion  of  ideas  into  a 
working  system.  The  equipment  and  methods 
presented  wiU  reduce  the  labor  of  processing,  and 
improve  the  accuracy  of  deepwater  soundings. 


APPENDIX  1 


z, 

Vs 

AZ 

Vs 

AZxFs 

SAZ  X  Vs 

lAZ  X  K5 

.St;= Z 

Z,  X  146.3.04 
Sv 

0 

1542.0 

10 

1542.1 

15421 

(1542.0) 

0 

10 

1542.2 

10 

1541.9 

15419 

15421 

1542.1 

9.5 

20 

1541.6 

10 

1541.2 

15412 

30840 

1542.0 

19.0 

30 

1540.7 

20 

1539.8 

30796 

46252 

1541.7 

28.5 

50 

1538.8 

25 

1538.2 

38455 

77048 

1541.0 

47.5 

75 

1537.5 

25 

1536.6 

38415 

115503 

1540.0 

71.3 

100 

1535.8 

50 

1533.7 

76685 

153918 

1539.2 

95.0 

150 

1531.6 

50 

1529.8 

76490 

230603 

1537.4 

142.7 

200 

1527.9 

50 

1526.4 

76320 

307093 

1535.5 

190.6 

250 

1524.8 

50 

1523.9 

76195 

383413 

1533.7 

238.5 

300 

1523.0 

100 

1521.2 

152120 

459608 

1532.0 

286.5 

400 

1519.5 

100 

1516.8 

151680 

611728 

1529.3 

382.7 

500 

1514.1 

100 

1510.8 

151080 

763408 

1526.8 

479.1 

600 

1507.6 

100 

1505.2 

150520 

914488 

1524.1 

576.0 

700 

1502.7 

100 

1500.0 

150000 

1065008 

1521.4 

673.1 

800 

1497.3 

200 

1494.6 

298920 

1215008 

1518.8 

770.6 

1000 

1492.0 

200 

1491.8 

298360 

1513928 

1513.9 

966.4 

1200 

1491.6 

300 

1492.3 

447690 

1812288 

1510.2 

1162.5 

1500 

1493.0 

500 

1495.6 

747800 

2259978 

1506.7 

1456.5 

2000 

1498.3 

500 

1500.2 

750100 

3007778 

1503.9 

1^45.7 

2500 

1502.2 

500 

1507.0 

753500 

3757878 

1503.2 

2433.2 

3000 

1511.7 

1000 

1519.7 

1519700 

4511378 

1503.8 

2918.7 

4000 

1527.7 

6031078 

1507.8 

3881.3 

5000 

1544.7 

1000 

1536.2 

1536200 

7567278 

1513.5 

4fi33.3 

NOTE:  Z,  is  the  standard 

oceanographic 

depth  in  meters 

.  Vs,   and  Sc  are  in  meters  per 

second. 

APPENDIX  2 


APPENDIX  3 


Address 

Instruction 

Remarks 

Interpolation 

Computer  Listing 

Sv 

Zs 

DVP^ 

33333 

ELC 

1234 

arbitrary  non-zero 

1542.0 

0 

1542/0000/ 

1541.0 

47.5 

1541/0048/ 

33334 

JLZ 

3344 

constant 

1540.0 

71.3 

1540/0071/ 

33335 

STZ 

3410 

clear  register 

1539.0 

100.3 

1539/0100/ 

33336 

STZ 

.3411 

Do 

1535.0 

203.9 

1535/0204/ 

33337 

STZ 

3412 

Do 

1532.0 

286.5 

1532/0286/ 

33340 

STZ 

3413 

Do 

1529.0 

394.3 

1529/0394/ 

33341 

ELC 

0 

1527.0 

471.4 

1527/0471/ 

1524.0 

579.6 

1524/0580/ 

33342 
33343 

ENB 
STB 

3341 
3333 

3333  ELC  0 

1521.0 

688.1 

1521/0688/ 

33344 

ENL 

3411 

Vsi^i  scaled  B4 

1519.0 

763.1 

1519/0763/ 

1514.0 

962.4 

1514/0962/ 

33345 
33346 

JLZ 
ADD 

3367 
6010 

+  Vsi  scaled  B4 

1510.0 

1179.3 

1510/1179/ 

33347 

STL 

3414 

Vsi+Vsi-i 

1507.0 

1481.7 

1507/1482/ 

33350 

ENL 

6011 

Zi  scaled  BO 

1504.0 

1928.2 

1504/1928/ 

33351 

SUB 

3410 

-Zi-i  scaled  BO 

1503.2 

2433.4 

1503/2433/ 

33352 

JLN 

3402 

1504.0 

2966.8 

1504/2967/ 

33353 

JLZ 

3402 

1508.0 

3914.7 

1508/3915/ 

33354 

MPL 

3414 

xVsi+Vsi-i 

1513.0 

4749.5 

1513/4750/ 

33355 

ADA 

3412 

+x 

Gradient 

1 
1 

G/  +  .  00599/ 

33356 
33357 

STU 
STL 

34131 
3412  J 

HZi-Zi-,){Vsi+Vsi-i) 
scaled  B4 

1513.5-1507.8 

33360 

ELC 

2 

4833.3-3881.3 

33361 

MPL 

6011 

xZi 

=  +  0.00599 

33362 

STL 

3416 

2Zi 

33363 
33364 

ENL 

ENU 

3412 
3413 

'  The  computer  list 

ing  will  acce 

pt  integers  only  for  the  values 

33365 

DIV 

3416 

^2Zi 

of   soundin 

g    velocit\ 

'    and    echo-! 

,ounder    depth.    To    minimize 

error,    interpolations 

for   integer 

values    of   sounding    velocity 

33366 

STL 

3415 

—  Sv  scaled  B4 

are  performed;  only  v 

alues  of  echo 

-sounder  depth  are  rounded  to 

33367 

ENL 

6010 

the  nearest 

meter. 

33370 

STL 

3411 

new  Zi-i 

The  program  will  accept  up  to 

nineteen  points  in  the  form  of 

.33371 

ENL 

6011 

four-digit  numbers.  The  left  column  of  the  computer  listing  is 
the  sounding  velocity;  the  right  column  is  the  depth.  The  gradient 

33372 

STL 

3410 

new  Vsi-i 

is  applied 

at  depths 

greater  than  4750  meters. 

33373 

ENL 

3415 

33374 

RSL 

4 

33375 

STL 

3420 

=  5;;  scaled  BO 

33376 

ELC 

2667 

26678=1463,0 

33477 

MPL 

6011 

xZi 

33400 

DIV 

3420 

-^Sv  scaled  BO 

33401 

STL 

3417 

=  Zs  scaled  BO 

33402 

1000 

STOP 

36010 
36011 


Program  Input  Addresses 
Vsi  scaled  B4 


Zi  scaled  BO 


input  from  the 
multisensor 

during  on-station 
operations 


F  jst  of  Mnrmonics 


Mnciniinic  Mfaniii^ 

ELC  Enter  AL  with  constant  Y 

JLZ  Jump  on  (AL)  i^ero  to  Y 

STZ  Set  (Y)  to  0 

ENB  Enter  B  with  (Y) 

STB  Store  (B)  in  Y 

ADD  Add  (Y)  to  (AL) 

STL  Store  (AL)  in  Y 

ENL  Enter  AL  with  (Y) 

SUB  Subtract  (Y)  from  (AL) 

JLN  Jump  on  (AL)  negative  to  Y 

MPL  Multiply  (AL)  by  (Y) 

ADA  Add(Y+L  Y)io(A) 


Mnemonic  Meaning 

STU  Store  (AU)  in  Y 

ENU  Enter  AU  with  Y 

DIV  Divide  (A)  by  (Y) 

RSL  Right  shift  (AL)  by  k  [)ositinns 


Where  AL  is  the  lower  accumulator 
AU  is  the  upper  accumulator 
A  is  the  AU  and  AL  (36  bit  word) 
B  is  the  B  register 
(Y)  is  the  ccmtents  of  Y 
Y  is  the  address 
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Next,  Dr.  Harris  B.  Stewart,  Director  of  the  Atlantic.  Oceano- 
graphic  Laboratory,  in  ESSA. 

STATEMENT  OF  BR.  HARRIS  B.  STEWART.  JR.,  DIRECTOR, 
ATLANTIC  OCEANOGRAPmC  LABORATORIES,  ESSA 

Dr.  Stewart.  Thank  you,  Dr.  Fye. 

The  immediate  oc^an  shoreline,  the  Continental  Shelf,  our  estuaries 
and  harl)ors,  and  the  Gi-e^it  Lakes  constitute  what  is  now  cjilled  the 
coastal  zone. 

But  the  term  today  connotes  nuicli  more  thiin  a  mere  ireoirraphic 
area.  This  is  the  area  where  some  75  percent  of  our  pt">pulation  is  con- 
centrated, so  it  is  also  the  area  where  not  only  the  sea  and  the  land 
meet,  but — more  importantly — where  the  sea  and  man  meet. 

Thus  the  coastal  zone  is  where  the  demand  for  re(.'reational  fa<.Mlities 
is  greatest.,  where  the  major  water  trans|x)rtation  routes  terminate  in 
our  great  port  cities,  whei"e  our  greatest  concentrations  of  municipal 
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and  industrial  wastes  accumulate,  and  where  the  specter  of  pollution 
looms  the  largest. 

The  coastal  zone  is  where  many  of  our  commercial  and  sport  tish 
spend  at  least  a  part  of  their  life  cycles,  and  where  our  first  halting 
steps  toward  mariculture  are  taking  place.  It  is  where  our  major 
marine  petroleum  resources  are  found.  It  is  the  locus  of  our  coastal 
shipping  and  the  terminus  of  our  transoceanic  shipping. 

It  is  where  many  of  us  want  to  live,  or  at  least  go  for  vacation.  It  is 
where  we  can  get  cheap  coolant  water  for  our  jjowerplants,  and  whei'e 
we  can  bulkhead  and  fill  to  make  expensive  real  estate  tliat  run  be  sold 
at  a  profit. 

It  is  also  the  locotion  where  many  of  our  wetlands,  marshes,  maii- 
grove  swamps,  and  coastal  ecological  niches  are  being  singled  out  for 
the  establishment  of  conservation  areas. 

Our  coastal  zone  is  all  of  these  things,  and  that  is  where  the  j^roblem 
lies.  Each  of  tliese  is  a  legitimate  use  of  our  coastal  zone,  l>ut  as  the 
activity  in  each  of  these  use  areas  increases,  it  eventually  reaches  a 
point  where  it  is  out  and  out  in  conflict  with  another  use.  We  have 
already  reached  this  point  in  most  of  the  populated  portions  of  our 
coastal  zone. 

I  might  add  parenthetically  that  again  it  is  a  problem  of  the  inter- 
relationship between  man  and  the  sea.  It  is  a  people  problem. 

Garrett  Hardin  in  his  article  on  "The  Tragedy  of  the  Commons"' 
that  appeared  in  Science  last  December — ^-olume  162,  pages  124o-1248, 
I)eceml>er  13,  1968- — provided  the  sociological  framework  for  this 
problem. 

If  I  may  be  allowed  to  put  his  discussion  in  my  own  vvords,  it  I'uns 
something  like  this:  If  a  common  pasture  will  support  100  head  of 
cattle,  and  each  of  10  herdsmen  lias  one  cow  each  pastured  there, 
there  is  no  problem.  If  each  herdsman  increases  his  own  herd  to  10 
cows,  the  commons  is  then  supporting  its  100  head,  or  all  it  can  without 
degrading  the  total  resource. 

Then  one  of  the  herdsmen  stops  and  thinks  and  decides  that  if  he 
adds  one  cow  to  his  own  herd  of  10,  the  worth  of  his  own  holdings 
will  be  increased  by  10  i)ercent,  but  his  share  of  tlie  costs  resulting  from 
the  degradation  of  the  commons  by  adding  only  one  cow  over  the  100 
the  commons  can  si;pport  is  only  1  percent,  so  it-.is  some  0  percent  to 
his  advantage  to  add  that  one  cow.  Other  herdsmen  get  t!ie  same  idea, 
and  cow  after  cow  is  added  until  the  commons  is  totally  destroyed. 

The  same  situation  holds  for  our  coastal  zone.  Take,  for  example, 
the  use  of  our  coastal  zone  for  the  disposal  of  industrial  and  municipal 
wastes.  So  long  as  there  are  few  people  and  few  industi'ies  using  the 
coastal  zone  as  a  self-flushing  disposal  system,  there  is  no  real  problem. 

Then  the  number  increases.  The  cost  for  the  individual  plant  to 
process  its  waste  before  disposing  of  it  harmlessly  into  the  coastal 
zone  is  many  times  more  than  that  plant's  share  of  the  overall  social 
costs  of  the  ensuing  degradation  of  the  receiving  waters,  which,  of 
course,  is  shared  equally  by  all  coastal  zone  users. 

Thus,  our  coastal  zone,  like  Hardin's  commons,  is  doomed,  unless 
some  jneans  is  fovmcl  to  halt  this  relentless  march  toward  destruction. 

The  coastal  zone  authority  concept  proposed  by  the  Commission  on 
Marine  Science,  Engineering,  ancl  Resources  is  one  method  of  con- 
trolling this  otherwise  destructive  process. 
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I  believe  that  the  es:tablislinient  of  ^uch  coastal  zoiie  authorities 
sliould  he  primarily  a  State  or  regional  respf)nsibility,  and  that  the 
role  of  the  F'ederal  (lovernment  is  mainly  one  of  prov-idinij  support  to 
the  State — bot]»  Hnancial  support  and  support  in  the  acquisition  of  the 
basic  understanding  of  the  coa^stal  zone  environment  on  which  valid 
judgments  on  coastal  zone  uses  must  ultimately  be  based. 

I  reiterate,  the  really  essential  pai-t,  and  one  of  the  major  roles  of 
the  Federal  Government,  is  to  provide  the  basic  understanding  of  the 
coastal  zone  requirements. 

liefore  getting  into  the  research  requirements,  there  is  one  other 
point  that  I  would  like  to  make.  There  are  two  alternative  co.sts  related 
to  the  coastal  zone :  The  cost  of  doing  something,  and  the  cost  of  doing 
nothing. 

It  is  my  contention  that  the  cost  of  doing  something,  although  ;in 
innnediate  cost,  is  considerably  less  than  the  eventual  costs  to  society 
of  doing  nothing — it  is  the  "Tragedy  of  the  Commons'"  exemplified. 

Tlie  real  problem,  it  seems  to  me,  is  that  we  as  a  people  are  prone 
to  defer  the  inmiediate  costs  because  they  are  immediate.  The  unavoid- 
able result  is  that  we  eventually  are  forced  to  pay  the  much  greater 
costs  of  cleaning  up  the  mess  that  we  were  unwilhng  to  pay  the  rela- 
tively small  costs  to  avoid  in  the  first  place. 

The  requirements  for  coastal  zone  research,  therefore,  are  related 
first  to  the  ne«d  for  the  environmental  understanding  on  wnich  somid 
decision  on  coastal  zone  use  can  be  made,  and  secondly  to  the  need  to 
provide  this  imderstanding  now  at  considerably  less  cost  than  the 
costs  related  to  some  future  attempts  to  make  up  for  our  shortsighted- 
ness in  not  doing  it  now. 

When  it  comes  to  the  requirements  for  research  in  tlie  coastal  zone, 
the  differences  between  the  traditionally  basic  research  -activities  of 
the  universities  and  private  institutions  and  the  more  mission-relevant, 
mission-oriented,  or  applied  research  missions  of  the  Federal  labora- 
tories become  less  distinct. 

I  have  always  objected  to  the  artificial  distiuction  between  "basic" 
and  "applied''  research,  for  one  man's  basic  is  another  man's  applied. 

In  the  coastal  zone,  the  problems  are  so  numerous  and  divei-sc  that 
almost  any  research  leading  to  a  bettx-r  understanding  of  the  complex 
processes  ojjcrating  there  is  by  definition  relevant  to  the  equally  com- 
[)lex  problem  of  coastal  zone  management. 

So  T  would  find  it  difficult,  really,  to  separate  out  discrote  aiul  uiiiciue 
research  roles  for  the  universities  and  for  the  Federal  laboratories. 
This  is  one  of  the  many  areas  where  the  universities  and  the  Federal 
laboratories  must  work  together  for  their  nuitual  benefit. 

The  problems  of  tlie  coastal  zone  and  the  research  needs  wei'e 
described  by  the  Commission's  Panel  on  Management  and  Develop- 
ment of  the  Coastal  Zone,  and  are  pul)lished  as  part  III  of  \olunu"'  I 
of  the  Conunission's  panel  rep/orts  This  document  contains  nnportant 
information  for  anyone  concerned  in  anv  way  with  tlie  coastal  zone. 

Alfhougji  we  ha\e  learned  a  great  deal  about  the  coastal  zone,  nuich 
additional  information  is  needed. 

The  research  effort  should  be  aimed  at  "understanding"  this  Nation's 
coastal  zone.  This  means  an  adejijuate  understanding  of  the  dynamics 
oi  estuarine  circulation,  the  advection  and  the  diffusion,  the  water 
budget,  the  movement  of  sediment  as  it  relates  to  channel  iilling  and 
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deepening  and  to  coastal  erosion  and  deposition,  the  life  histories  of 
tlie  organisms  that  populate  our  coastal  zone,  and  their  very  complex 
interrelationships  with  the  highly  variable  coastal  zone  environment, 
the  basic  physics  of  shoaling  and  breaking  waves  and  of  longshore  and 
rip  currents,  the  development  of  inundating  storm  surges  related  to 
intense  coastal  storms,  the  coastal  runup  of  tsunamis,  the  movement 
of  hurricanes,  the  capability  of  coastal  zone  waters  to  receive  wastes 
without  undesirable  side  effects  (it  is  really  how  much  of  what  can  be 
introduced  where  for  how  long  a  time  without  creating  more  problems 
than  it  solves),  the  ocean-atmosphere  interactions,  and  the  land-sea 
interactions. 

It  is  only  with  an  understanding  of  the  coastal  zone  as  a  highly 
complex  and  highly  variable  ecosystem  that  we  can  predict  what  the 
overall  effect  will  be  of  man's  proposed  changes  to  that  system. 

It  does  not  matter  if  we  contemplate  a  channel  deepening  for  deeper 
draft  ships,  bulkheading  and  filling  for  a  new  shipping  terminal  or  real 
estate  development,  a  new  causeway  to  an  offshore  island,  a  new 
marina,  a  new  powerplant  to  use  coastal  waters  for  cooling,  a  new 
park,  a  wildlife  refuge  established,  a  mariculture  area  set  aside,  an 
additional  sewer  outfall  constructed,  or  any  of  a  number  of  other  uses 
to  which  we  put  our  coastal  zone.  It  really  does  not  matter  what  we 
contemplate.  The  sine  qua  non  for  sensible  value  judgments  for  the 
use  of  the  coastal  zone  is  a  basic  understanding  of  the  zone  itself.  For 
it  is  only  with  this  understanding  that  we  can  predict  the  effects  of 
the  changes  we  contemplate. 

I  might  add  parenthetically  here  the  need  for  what  I  would  like  to 
call  legal  research  and  development,  legal  R.  &  D.  In  effect,  this  is 
preventive  maintenance.  This  is  doing  the  legal  research  work  in  the 
coastal  zone  now  to  avoid  the  lawsuits  that  could  come  up  later  on. 

I  also  might  add  that  we  should  look  at  the  coastal  zone  as  a  total 
man  environment  system,  and  we  must  do  the  research  work 
relating  to  the  interaction  of  man  and  his  activities  with  this  coastal 
environment. 

It  is  to  the  Federal  laboratories  that  we  must  look  for  that  part  of 
this  fundamental  undei-standing  that  relates  to  the  mission  of  the 
agencies  for  which  they  carry  out  research. 

Twenty-four  Federal  departments,  administrations,  agencies, 
bureaus,  commissions,  councils,  and  offices  have,  as  a  part  of  their 
missions,  responsibilities  related  to  the  coastal  zone.  The  agencies  are 
listed  by  the  Panel  on  Management  and  Development  of  the  Coastal 
Zone,  in  their  report  ("Panel  Reports  of  the  Commission  on  Marine 
Science,  Engineering,  and  Resources,"  vol.  1,  pt.  Ill,  pp.  III-81  to 
III-105). 

I  believe  these  groups  should  be  encouraged  to  carry  out  mission- 
relevant  coastal  zone  research.  Coordination  will,  of  course,  be  neces- 
sary to  assure  that  research  results  are  shared  with  other  researchers, 
that  major  problem  areas  do  not  go  unstudied,  and  that  the  concentra- 
tion of  several  research  activities  in  the  geographically  restricted 
coastal  zone  does  not  result  in  an  undesirable  duplication  of  effort.  In 
summary : 

1.  Any  research  in  the  coastal  zone  can  be  considered  as  applicable 
to  the  basic  requirement  of  understanding  the  coastal  zone  as  a  complex 
ecosystem. 
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2.  The  universities  and  the  Federal  laboratories  do  not  have  unique 
roles,  but  must  work  together  to  further  this  understanding. 

3.  The  cost  of  doing  something  now  is  much  less  than  the  ultimate 
cost  of  doing  nothing. 

4.  Future  value  judgments  on  the  uses  of  our  coastal  zone  must 
depend  for  their  validity  on  a  basic  understanding  of  the  area  as  a 
total  system. 

5.  The  coastal  zone  research  work  of  the  various  Federal  laboratories 
must  be  adequately  supported  and  adequately  coordinated  to  insure 
that  the  several  efforts  are  all  working  cooperatively  toward  the  same 
goal  of  coastal  zone  understanding,  an  absolute  essential  for  coastal 
zone  management. 

The  problems  related  tx)  the  coastal  zone  constitute  what  is  probably 
the  ma] or  marine  science  problem  facing  the  United  States  today. 

In  an  era  when  the  socially  relevant  problems  are  the  ones  that  get 
the  attention  and  supi^ort,  it  behooves  the  Nation's  oceanographers 
to  direct  at  least  a  portion  of  their  attention  to  problems  in  this 
category. 

For  the  Federal  laboratories,  it  is  essential  that  their  research  relaf  3 
to  the  missions  of  their  parent  agency.  For  many  of  the  Federal  agen- 
cies this  means  research  in  the  coastal  zone,  and  a  vigorous  program 
of  coordinated  coastal  zone  research  is  absolutely  essential  if  our 
estuaries,  harboi-s  and  near-shore  areas  are  not  to  become  part  of  "The 
Tragedy  of  the  Commons." 

Thank  you. 

Dr.  Fye.  Thank  you,  Dr.  Stewart. 

Next  we  will  hear  from  Dr.  Robert  Abel,  of  the  sea-grant  program. 
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BiscAYNE  Bay  as  a  Natural  Resource 

(An  address  before  the  Zoological  Society  of  Florida,  October  6,  1969,  by  Dr. 
Harris  B.  Stewart,  Jr.,  Director  of  ESSA's  Atlantic  Oceanographic  and  Meteor- 
ological Laboratories,  Miami,  Fla.) 

Biscayne  Bay  is  a  beautiful,  busy,  bountiful,  and  booming  bay.  It  extends  some 
forty  miles  along  the  southeast  Florida  coast  from  Dumfounding  Bay  and  the 
Interama  site  on  the  north  to  Oard  Sound  and  Arsenieker  Keys  on  the  south. 
On  the  west  it  in  b'ounded  by  expensive  homes,  a  busy  port,  the  heart  of  a  major 
city,  more  homes,  public  beaches,  and  a  long  stretch  of  red  and  black  mangroves. 
On  the  east,  Biscayne  Bay  is  bounded  by  the  wall-to-wall  hotels  and  condominiums 
of  Jliami  Beach,  by  Virginia  Key  and  Key  Biscayne,  and  by  the  string  of  beauti- 
ful keys  from  Soldier  Key  on  the  north  through  Ragged  Keys,  Sand  Key,  and 
Elliott  Key,  to  Totten  and  Old  Rhodes  Keys  at  the  south  end  of  Biscayne  Bay. 
I  have  come  to  know  the  bay  intimately  only  during  the  pa.st  two  years,  but  I  have 
come  to  love  it.  Because  I  love  it,  I  am  terribly  concerned  for  its  future;  for  its 
future  is  our  future,  is  Dade  County's  future.  I  predict  in  all  confidence  that  if 
we,  the  people,  allow  the  overall  use  of  our  bay  to  continue  to  develop  unplanned 
as  it  has  for  the  past  forty  years,  our  children  and  grandchildren  will  be  living 
with  an  unattractive,  azoic,  concrete  bounded,  open  cesspool.  This  is  not  an  ex- 
aggeration. Boston  Harbor  two  hundreds  years  ago  was  one  of  the  truly  beauti- 
ful estuaries  in  America,  and  the  early  accounts  of  New  York  harbor  and  the 
Hudson  River  estuary  are  beautiful  to  read.  But  look  at  these  harbors  today !  And 
look  at  Baltimore  Harbor,  look  at  the  Potomac  Ri\'er  at  Washington,  look  at 
Norfolk  and  Charleston  harbors.  You  have  seen  them,  you  know  what  I  am  talk- 
ing about  without  my  having  to  go  into  details  of  open  sevv'ers,  oily  waters,  no 
swimming,  no  fishing,  unsafe  boating,  and  waterfront  areas  of  rotted  piers  and 
slums.  We  have  not  reached  this  stage  yet,  but  only  becau.'-e  we  are  yoiuiger.  Give 
us  time  and  the  same  disinterest,  and  we  will  be  just  like  all  the  others.  It  is  a 
.slow  and  inexorable  process  nurtured  by  the  selfish  interest  of  short-sighted  mail 
himself.  If  the  process  continues  unchecked  here,  the  end  result  will  be  the  same. 
It  is  only  through  the  actions  of  man  that  the  process  continues,  so  it  must  be 
through  the  actions  of  man — albeit  more  enlightened  man — that  the  process  can 
be  checked. 

Before  going  any  farther,  I  would  like  to  set  some  groundrules  establish  what 
the  physicists  call  the  boundary  conditions.  First,  although  I  am  a  federal  civil 
servant,  I  left  my  ESSA  hat  out  in  the  lobby  and  am  speaking  tonight  only  as  a 
concerned  Dade  County  oceanographer  and  a  member  of  our  Zoological  Society 
of  Florida.  Secondly,  I  would  like  to  establish  iii  your  minds  my  own  jiersonal 
position  on  "conservation",  for  the  militant  conservationist — even  the  quiet  con- 
.servatiouist — plays  a  major  role  in  what  I  call  the  Bis<:-ayn9  Bay  syndrome.  Of 
all  the  endangered  species.  I  consider  Homo  sapiens  as  the  most  important. 
Wildlife  refuges  should  be  esta'blished  and  maintained  inviolate — not  for  the 
animals  themselves,  but  so  that  m(m  can  enjoy  them,  so  that  man  can  know  that 
they  still  exist  in  their  natural  habitat  and  derive  pleasure  therefrom.  Mine  is 
a  man-oriented  view  of  conservation.  When  it  comes  to  Biscayne  Bay,  I  consider 
conservation  of  the  natural  environment  as  one  of  many  uses  to  which  the  bay 
will  be  put,  one  of  the  many  conflicting  and  multiple  uses  of  the  bay.  It  is  not 
the  lie  phis  ultra  that  many  would  consider  it.  hut  rather  it  is  one  more  of  the 
many  uses,  and  it  must  be  carefully  balanced  with  the  other  demands  when  value 
judgments  on  the  utilization  of  this  resource  are  being  considered.  "Conserva- 
tion", like  "motherhood",  has  to  many  become  an  inviolate  concept.  I  can  think 
of  nothing  worse  for  the  world  than  unrestricted  motherhood.  Overpopulation  is 
probably  the  greate-st  pi'oblem  facing  mankind  today.  Conservation  .should  be 
put  in  the  same  category.  It  should  be  looked  at  objectively,  dispassionately,  and 
stripped  of  the  unenlightened  blind  emotionalism  with  which  it  is  too  often  as- 
sociated. A  third  boundary  condition  is  my  own  personal  bia.s — prejudice,  if  you 
will.  I  happen  to  love  Biscayne  Bay  and  want  to  see  its  use  go  for  the  greatest 
possible  good  for  the  greatest  number  of  people. 

Tonight  I  would  like  to  outline  briefly  the  problems  that  if  unsolved  will 
eventuall.y  result  in  the  de.struction  of  Bi.scayne  Bay  as  probably  our  greatest 
natural  re.source  in  Dade  County.  I  will  also  offer  what  I  consider  the  best  present 
solution  to  this  problem.  It  is  a  major  problem  and  will  take  a  major  solution. 
It  is  a  problem  created  by  the  actions  of  people,  and  it  will  take  the  action  of 
people  to  solve  it. 
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The  present  problem  with  Biseayne  Bay,  the  same  jn-ohlein  that  has  tjorif  un- 
resolved in  most  of  the  other  bays  alon^  our  Atlantic  seaboard,  is  that  the  hay  is 
what  the  resource  eeonomists  call  a  "resource  held  in  common"  and  one  on  which 
ther  are  many — and  often  conflicting — demands.  Let  me  give  you  some  examples 
of  these  conflicting  uses.  If  the  plea.sure-l)oat  operators  prefer  not  to  have  h.old- 
ing  tanks  for  sewage  on  their  boats  but  to  u.se  the  bay  as  a  convenient  sewer, 
those  who  like  to  swim  can  not  use  for  our  marina  slip.s  where  i>eople  live  on 
boats  as  areas  for  .swimming.  If  you  doubt  nie,  look  over  the  .side  of  the  [liers  at 
any  of  the  big  marinas  on  Bi.seayne  Bay.  If  you  elect  to  have  a  big  area  set  a.<ide 
as  a  National  Monument,  you  can't  expect  to  build  hotels,  homes,  and  condomin- 
iums there.  If  you  want  to  save  all  the  red  mangroves,  you  can't  dred^'e  and 
fill  the  area  for  an  industrial  seaport.  If  you  want  a  causeway  to  join  up  a  few 
islands,  you  cant  sail  through  it.  If  you  want  to  a.side  an  area  for  mariculture, 
you  can't  water-.ski  through  it.  If  you  want  the  power  required  for  a  fast-grow- 
ing metropolitan  area  and  use  bay-water  to  cool  the  generating  equii>ment.  you 
must  be  prepared  to  have  some  warm  water  put  back  into  the  bay.  If  you  don't 
feel  up  to  paying  for  pro{)er  sewage  treatment,  the  bay  is  an  economi;:il  toilet  that 
flushes  itself  in  a  half-hearted  way  twice  a  day,  but  swimnung,  Ashing,  and  the 
aesthetic  resource  may  suffer.  A  thriving  industrial  seaport  is  important  to  the 
economic  base  of  the  community,  but  this  involves  dredging  and  filling  and  getting 
rid  of  the  spoil.  If  spoil  is  .spread  over  the  shallows  where  many  of  our  commer- 
cial and  sport  fish  spend  at  least  part  of  their  life  cycles,  then  these  nursery 
grounds  diminish  and  the  fish  population  diminishes  accordingly.  If  you  want  to 
live  on  the  water  you  may  have  to  bulkhead  and  fill  in  some  of  the  mangrove 
areas.  If  you  want  to  dump  raw  sewage,  you  can't  s^vim.  If  you  want  to  preserve 
the  whole  bay  in  its  pristine  condition,  you  can't  do  anything  at  all,  and  so  it  goes. 
These,  then,  are  the  problems  related  to  the  multiple  and  often  conflicting  uses  of 
Biscayne  Bay. 

I  would  like  to  take  a  look  at  one  of  these  conflicting  uses  of  the  bay  in  some 
detail.  One  of  the  great  resources  of  Biscayne  Bay  may  in  fact  be  that  it  is  a  big 
hole  in  the  ground,  a  self-flushing  system,  and  a  fine  place  to  get  rid  of  the  waste 
material  that  we  do  not  want  to  live  with  on  land.  You  can  spit  in  the  bay.  and 
the  bay  will  probably  never  know  the  difference.  Two  people,  a  hundred  people, 
could  do  the  same,  and  the  bay  would  .•<till  be  essentially  \inix>lluted.  So  the  Ques- 
tion is  not  "yes"  or  "no,"  but  rather,  "how  much"  of  "what",  "where",  and  "when", 
and  "for  how  long".  Answers  to  the.se  questions  have  not  been  attempted,  s.i  the 
normal  course  of  action  by  inconsiderate  man  is  just  to  keep  on  pouring  the  waste 
materials  into  the  bay  until  the  effects  become  so  bad  that  man  himself  object-s  to 
the  results  and  tries  to  clean  it  up.  Usually  by  that  time  it  is  too  late,  the  reaction 
is  an  irreversible  one,  and  one  more  bay  becomes  useful  only  as  an  open  sewer. 
This  certainly  is  one  use  to  which  the  bay  can  be  put,  but  I  doubt  that  we  are 
willing  to  pay  the  social  price  for  iising  Biscayne  Bay  uniquely  used  for  getting 
rid  of  our  municipal  and  industrial  wastes. 

We  are,  however,  well  along  on  just  that  road.  I  understand  from  Dr.  William 
Fogarty  of  the  University  of  Miami  that  of  Dade  County's  90-plus  sewage  treat- 
ment plants,  less  than  five  were  putting  out  what  is  termed  "acceptable  effluent" 
during  a  recent  inspection.  I  might  add,  parenthetically,  that  the  big  City  of 
Miami  treatment  plant  on  Virginia  Key  is  one  of  the  best.  If  you  fly  over  the 
offshore  outfall  di.scharge  area  and  look  down,  you  will  see  that  the  water  coming 
out  of  the  outfall  is  actually  cleaner  and  clearer  than  the  brownish  bay  water 
coming  out  of  Government  Cut.  I  also  understand  from  Dr.  Fogarty  that  Snake 
Creek,  Snapper  Creek,  and  the  Coral  Gables  Water«-:iys  are  too  i>o!lutod  eveii  for 
swimming.  But  let  me  put  some  numbers  on  this.  Sanitary  engineers  use  as  one 
measure  of  iwllution  what  they  call  the  "most  probable  ntimber"  or  MTX.  This 
refers  to  the  number  of  enteric  organisms- — human  origin — in  a  water  sample. 
The  upper  limit  for  "safe"  swimming  is  an  MPX  of  about  1000.  Dr.  Focrarty  has 
routinely  measured  16,000  in  Coral  Gables,  in  Snapper  Creek,  and  in  Snake 
Creek — sixteen  tin>«»  the  upper  safe  limit — not  for  drinkins:.  but  j\ist  for  swim- 
ming. Near  one  jvoint  of  discharge  from  a  treatment  plant,  he  measured  an  Ml'X 
of  10  million,  or  16  tlunisand  times  the  upp(>r  safe  swimming  limit!  Fishkills 
have  been  reported  in  the  local  press,  and  a  boat  trip  up  any  of  th.ose  watcnvays 
will  prove  that  the  situation  is  Imd.  There  are  those  In  the  local  government  who 
are  working  hard  to  correct  this.  There  are  good  polhition  control  laws  on  the 
books — some  of  the  t>est  in  the  nation— hut  unless  they  can  be  enforced,  they  are 
of  little  use,  and  the  eflluent  continues  to  iwur  into  our  once  Ix^autiful  creeks  and 
waterways  and  eventually  into  Biscayne  Bav.  When  did  you  Inst  go  swimming 


165 

in  the  Miami  River?  Tliere  are  those  in  tlie  city  today  who  can  remember  when 
the  swimming  in  that  river  was  great. 

The  spectre  of  pollution  hangs  over  Biscayne  Bay,  and  I  maintain  that  the 
major  reason  is  voter  apathy.  "The  County  should  do  something"  is  the  recurring 
cry,  but  YOU  are  the  County.  These  are  your  waterways,  your  creeks  and  rivers, 
your  bay.  Pinellas  County  is  now  some  90  per  cent  sewered.  It  happened  in  a 
relatively  short  time,  and  it  happened  only  because  the  people  were  willing  to 
become  involved.  I  must  admit,  however,  that  the  real  driving  force  there  was 
the  women.  County  officials  were  elected  or  defe>'  ted  on  the  basis  oi  their  stand 
on  this  one  issue.  Bond  issues  were  pushed  and  voted  through.  They  got  what 
they  felt  was  needed,  but  only  by  becoming  involved,  working  for  what  they 
needed,  and  seeing  that  it  was  accomplished.  We  can  do  this  in  Dade  County.  It 
will  take  a  lot  of  work  by  a  lot  of  dedicated  people,  but  it  can  be  done  if  the 
people  will  rise  up  en  mass  and  dem  md  that  it  be  accomplished.  The  Zoological 
Society  of  Florida  can  and  should  play  an  important  role  in  this  "popular 
uprising". 

Getting  rid  of  the  wastes  of  a  busy  metropolitan  complex  is  just  one  of  the 
many  and  conflicting  uses  to  which  our  bay  is  being  put.  The  thermal  effects  of 
the  Turkey  Point  power  plant  coolant  water  discharge  is — both  literally  and 
figuratively — a  "hot"  issue  right  now.  You  notice  that  I  say  "thermal  effects" 
rather  than  the  more  popular  term  "thermal  pollution",  for  my  contention  is  that 
until  we  know  exactly  what  the  effects  are,  we  are  pre-judging  the  case  by  calling 
it  "pollution".  This  use  of  the  bay  is  another  conflicting  use.  A  new  seaport  has 
recently  been  proposed  for  southern  Dade  County,  and  a  .study  i)y  the  Beclitel 
Corp.  has  been  released.  A  bridge-causeway  joining  Fisher  Island  to  Virginia  Key 
has  long  been  in  the  planning  stages,  and  the  recently  announced  plans  for  the 
development  of  Fisher  Island  have  brought  this  plan  to  the  forefront  again.  The 
New  Port  of  Miami  has  a  25-year  development  plan  that  calls  for  eventual  use 
of  Lumas  Island  as  the  eastward  extension  of  the  Port.  The  deepeni;ig  of  the  ship 
channel  to  Dodge  Island  has  long  been  pushed  as  a  needed  improvement.  The 
location  of  the  bulkhead  line  is  still  in  contention.  A  large  National  Monument 
for  the  southern  part  of  Biscayne  Bay  is  well  along  on  the  road  to  realization. 
The  City  and  County  have  this  spring  agreed  to  set  aside  some  1(32  acres  on 
Virginia  Key  as  a  marine  science  park,  and  this  will  include  the  dredging  of  a 
channel  into  an  oceanographic  small-boat  marina  north  of  the  Marine  Stadium. 
The  new  Miamarina  at  the  north  end  of  Bayfront  Park  is  nearing  completion. 
The  bulkheading  of  the  south  side  of  Dodge  Island  is  on  the  books,  and  I  am  sure 
that  there  are  other  plans  afoot  for  Biscayne  Bay  about  which  I  do  not  know. 
The  point  here  is  that  things  are  happening  in  Biscayne  Bay.  They  will  continue 
to  happen.  Change  is  not  bad  per  se.  but  haphazard  changes  to  Biscayne  Bay 
carried  out  within  the  present  framework  for  effecting  such  changes  could  be 
disasterous.  As  of  today,  dictated  primarily  by  the  unenlightened  apathy  of  the 
residents  of  Dade  County,  the  use  of  the  bay  will  continue  to  go  to  the  group 
with  the  most  money,  the  most  political  "pull",  or  the  group  that  shouts  the 
loudest.  It  could  result  in  anything  but  what  I  like  to  call  "the  greatest  good  for 
the  greatest  number  of  people." 

Let  me  assume  that  the  problem  has  been  adequately  stated,  that  you  realize 
that  unless  something  is  done  a  great  natural  resource  will  little  by  little  be 
whittled  away  until  it  becomes  a  liability  rather  than  a  great  natural  asset.  The 
question  then  becomes  "What  can  be  done  about  it?". 

I  would  like  to  approach  answering  this  question  in  two  ways.  First,  what  has 
happened  elsewhere  and  what  is  being  done  at  the  Federal  level ;  and  secondly, 
what  should  we  do  here  in  Dade  County. 

San  Francisco  Bay  is  farther  down  the  road  than  we  are  here,  so  a  look  at  San 
Francisco  Bay  today  may  well  be  a  look  at  Biscayne  Bay  in  the  future.  What  has 
happened  there?  In  the  mid-nineteenth  century  San  Francisco  Bay  with  its 
marshlands  covered  some  680  square  miles.  Extensive  bulkheading  and  filling  has 
reduced  this  to  little  more  than  400  square  miles  today.  Of  the  280  miles  of  shore- 
line, only  about  ten  miles  are  open  for  public  access.  The  boundary  lines  of  nine 
counties  and  32  cities  extend  into  the  bay,  about  22  per  cent  of  the  bay  has  been 
sold  by  the  state  into  private  ownership  (mainly  the  .shallow  areas  where  filling 
is  easiest),  and  2.3  per  cent  has  been  granted  by  the  state  to  cities  and  counties — 
generally  with  filling  in  mind.  In  brief,  the  bay  was  steadily  being  used  up,  the 
pollution  was  bad  and  getting  Vv'orse,  and  the  bay  itself  was  under  the  control  of 
an  incredible  number  of  separate  jurisdiction  and  private  ownerships.  California 
did  two  tbiigs.  It  appointed  a  San  Francisco  Bay  Conservation  and  Development 
CommissiMi — an  interesting  juxtaposition  of  two  terms  that  are  so  ofte^i  in  dire 
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conflict — and  a  San  Francisco  Bay-Delta  Water  Quality  Control  Program.  The 
Snn  Francisco  Bay  Plan  has  recently  been  publishetl,  and  it  is  a  truly  fine  dfK-u- 
ment.  Even  now  the  State  is  working  out  the  methods  wdereby  this  plan  might 
be  implemented.  But  San  Francisco  waited  until  it  was  too  late — or  almost  too 
late.  We  here  still  have  time — but  not  much  ! 

At  the  Federal  level,  Management  of  the  Coastal  Zone  has  popped  to  the  sur- 
face in  Washington  circles  as  the  major  marine  problem  with  which  this  country 
is  now  faced.  Although  various  agencies,  groups,  organizations,  panels,  com- 
mittees, and  individuals  have  long  been  preaching  the  importance  of  the  coastal 
zone,  it  took  an  adroitly  worded  report  to  bring  the  whole  effort  into  proper 
focus.  Public  Law  89-454  authorized  in  1966  the  establishment  of  a  Commission 
on  Marine  Science,  Engineering  and  Resources.  The  President  appointed  a  distin- 
guished Commission  under  the  Chairmanship  of  Dr.  Julius  Stratton,  Chairman  of 
the  Ford  Foundation.  Their  extremely  thoughtful,  technically  sound,  and  nation- 
ally relevant  report  entitled  Our  Nation  and  the  Sea  was  published  last  January 
and  received  wide  acclaim.  Chapter  3  of  the  main  volume  is  entitled  "Manage- 
ment of  the  Coastal  Zone"  and  presents  a  succinct  summary  of  the  more  detailed 
report  of  the  Panel  on  Management  and  Development  of  the  Coastal  Zone.  This 
latter  report,  contained  in  Volume  I  of  the  published  Panel  Reports  of  the  Com- 
mission, should  be  read  by  everyone  concerned  in  any  way  with  the  problems  of 
the  coastal  zone.  The  response  to  this  report  has  been  broad-based  and  enthusi- 
astic. Senators  Magnuson  of  Washington  and  Hart  of  Michigan  have  recently 
introduced  Senate  Bill  2802  known  as  the  Coastal  Zone  Management  Act  of 
1969  which  would  encourage  through  federal  support  the  establishment  of  Coastal 
Zone  Authorities  at  the  State  level.  On  the  28th  and  29th  of  this  month  the 
House  Merchant  Marine  and  Fisheries  Committee  is  holding  a  series  of  panel 
discussions  on  the  problems  of  the  coastal  zone  and  the  need  for  such  Coastal 
Zone  Authorities.  So  ''he  Federal  government  is  concerned,  is  involved,  and  can  be 
looked  to  for  support  for  locally-generated  initiatives. 

Finally,  what  should  we  be  doing  here?  Presently  we  are  doing  very  little. 
Local  conservationists  are  tooling  up  to  shoot  down  any  attempts  to  get  a  new 
seaport  in  South  Dade  County.  People  are  beginning  to  listen  to  Dr.  Fogarty, 
Paul  Leach,  and  others  who  are  screaming  about  our  levels  of  pollution.  Florida 
Power  and  Light  is  fighting  for  some  means  to  cool  its  Turkey  Point  generators, 
and  the  problems  related  to  land  acquisition  for  the  Biscayne  National  Monu- 
ment are  far  from  solved.  But  there  is  no  overall  Biscayne  Bay  Plan,  no  Bis- 
cayne Bay  Policy  Board,  and  very  little  concern  for  Biscayne  Bay  as  a  total 
physical,  biological,  ecosystem.  The  one  exception  here  is  the  University  of 
Miami's  Institute  of  Marine  Sciences  of  its  newly-formed  School  of  Marine  and 
Atmospheric  Sciences.  Operating  with  funding  from  the  Sea  Grant  College  Pro- 
gram administered  by  the  National  Science  Foundation,  the  Institute  of  Marine 
Sciences  is  preparing  for  a  complete  study  of  Biscayne  Bay. 

Therefore,  my  first  recommendation  for  preventing  the  total  destruction  of 
Biscayne  Bay  is  based  on  the  valid  assumption  that  in  order  to  make  truly  mean- 
ingful value  judgments  on  the  future  use  of  the  bay,  we  must  first  understand 
how  the  bay  works  as  a  complex  physical  and  biological  system.  To  this  end. 
there  should  be  provided  every  available  assistance  to  the  University  of  Miami 
in  its  efforts  to  understand  Biscayne  Bay.  The  study  should  entail  total  commu- 
nity commitment.  Local  elements  involved  in  any  way  should  plan  to  work  with 
the  University.  This  would  entail  County  and  City  planning  Departments  and 
other  relevant  local  government  agencies.  It  would  entail  the  local  representa- 
tives of  State  agencies,  including  the  Department  of  Natural  Re.-ourci^s,  Depart- 
ment of  Air  and  Water  Pollution  Control,  Department  of  Community  Affairs, 
the  Commission  on  Marine  Science  and  Technology,  and  the  Board  of  Trustees 
of  the  Internal  Improvement  Trust  Fund.  At  the  Federal  level,  it  would  include 
the  local  representatives  of  the  Federal  Water  Pollution  Control  Administration. 
C^rps  of  Engineers,  Coast  Guard,  Geological  Survey,  Bureau  of  Commen-ial 
Fisheries,  Bureau  of  Sport  Fisheries  and  Wildlife,  and  the  Environmental 
Science  Services  Administration.  But  most  important  would  be  the  many  local 
people  with  particular  involvement  in  Biscayne  Bay.  I  am  thinking  of  the 
developers,  the  conservationists,  the  sanitary  engineers,  the  marine  engineers, 
the  lawyers,  the  fishermen  (both  sport  and  commertnal).  the  boat  manufacturers. 
the  shipyard  operators,  and  all  the  rest.  The  study  mi'ist  be  primarily  a  scientific 
and  technical  study  with  the  major  amount  of  work  being  carried  out  by  the 
appropriate  scientists  and  technicians.  However,  to  be  truly  meaningful,  the 
study  must  be  followed  by  a  r'an  for  the  effective  conservation  and  development 
of  Biscayne  Bay ;  and  if  this  plan  is  to  be  at  all  meaningful,  it  must  have  the 
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involvement  of  all  the  various  user  groups  I  have  just  mentioned.  Every  user 
and  potential  user  and  every  relevant  agency  ( federal,  state,  and  local )  must  be 
involved  from  the  very  beginning.  Without  this  total  community  involvement, 
the  study — no  matter  how  good — may  well  receive  the  stigma  of  the  'I-wasn't- 
involved-so-it's-no-good'  attitude  that  so  often  follows  the  publication  fo  studies 
carried  out  by  a  single  group.  My  first  recommendation,  then,  is  for  the  complete 
community  involvement  in  a  detailed  study  of  Biscayne  Bay  as  a  total  system. 
My  second  recommendation  is  for  the  formal  establishment  by  the  County  Com- 
mission of  a  Biscayne  Bay  Conservation  and  Development  Commission  patterned 
after  the  successful  San  Francisco  Bay  Conservation  and  Development  Commis- 
sion. Let's  be  frank.  The  problem  of  the  management  of  our  coastal  zone  is  a 
problem  of  national  scope  and  importance.  Something  icill  be  done  about  it.  I 
personally  feel  that  it  Is  highly  preferable  to  have  this  "something"  initiated  at 
the  local  level  and  in  response  to  local  requirements  rather  than  to  sit  back 
until  the  State  or  the  Federal  government  forces  some  program  on  us  that  may 
have  little  relevance  to  our  own  particular  coastal  zone  problems.  By  the  same 
token,  the  initiation  of  a  local  Biscayne  Bay  Conservation  and  Development 
Program  would  serve  as  a  prototype  of  comparable  programs  elsewhere  and 
could  very  possibly  attract  both  State  and  Federal  support  for  our  efforts  here. 
As  I  said  earlier,  Biscayne  Bay  is  a  beautiful,  busy,  bountiful,  and  booming 
bay.  If  we  want  our  major  natural  resource  in  Dade  County  to  be  something  of 
which  future  generations  can  be  proud,  we  must  not  wait  until  it  is  too  late  to 
do  anything  about  it.  The  time  is  now.  I  would  like  to  conclude  with  a  quotation 
by  Theodore  Roosevelt:  "The  Nation  behaves  well  if  it  treats  the  natural 
resources  as  assets  which  it  must  turn  over  to  the  next  generation  increased  and 
not  impaired  in  value.  *  *  *  Conservation  means  development  as  much  as  it  does 
protection." 
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Oceanography 
and  the  U.  S. 
Merchant  Marine 

By  Harris  B.  Stewart,  Jr. 


Reminiscent  of  the  plight  of  Androcles' 
Hon  is  the  unhappy  state  of  the  former 
monarch  of  world  shipping — notv  crippled 
by  a  whole  paw-full  of  such  thorns  as  the 
staggering  in-port  costs  of  loading  and 
discharging  cargo.  An  altogether  unlikely 
Androcles,  oceanographic  research, 
might  pluck  out  this  thorn — and  many 
of  the  other  festering  economic 
barbs  as  well. 


The  United  States  is  beset  with  many 
problems  related  to  our  use  of  the  sea 
as  a  highway  for  international  commerce.  It 
would  be  presumptuous  to  think  that  in- 
creased knowledge  of  the  sea  deriving  from 
an  active  program  of  oceanographic  research 
would  remove  all  these  problems.  It  would 
not.  However,  oceanography  can  make  sig- 
nificant contributions  to  the  alleviation  of 
many  of  these  problems  through  providing 
the  knowledge  of  the  sea  that  will  permit  its 
more  efficient — and  hence  less  costly — use  for 
transportation.  Cost  is  the  major  factor  that 
has  resulted  in  the  present  diflicuities  in  which 
the  ocean  transportation  industry  in  this 
country  now  finds  itself.  Many  of  these  costs 
can  be  reduced  by  the  use  of  the  knowledge 
that  will  become  available  as  we  learn  more 
about  the  sea  in  general  and  more  about  those 
specific  aspects  of  it  which  have  a  direct 
bearing  on  its  use  as  the  major  intercontinen- 
tal highway. 

Our  projected  dependence  upon  imports 
of  strategic  material  is  frightening.  For  ex- 
ample, the  United  States  is  now  self-sufficient 
only  in  coal,  molybdenum,  phosphate,  and 
magnesium.  Even  lumber  and  petroleum 
have  shifted  from  net  exports  to  net  imports 
within  the  last  few  years,  and  we  are  notably 
deficient  in  asbestos,  tin,  manganese,  iron 
ore,  cobalt,  nickel,  chromite,  lead,  and  zinc. 
Already  we  are  100  per  cent  dependent  on 
foreign  sources  for  tin,  quartz  crystal,  indus- 
trial diamonds,  and  amosite  asbestos,  and  our 
dependence  on  foreign  imports  is  increasing 
steadily  for  many  other  essential  raw  mate- 
rials. 

In  view  of  the  future  needs  of  the  United 
States  which  require  a  continuing  and  in- 
creasing influx  of  the  world's  raw  materials, 
and  considering  the  apparently  waning  ability 
of  U.  S.  flag  \essels  to  meet  these  demands. 
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the  importance  to  the  United  States  of  ocean- 
ographic  research,  or  any  otiier  type  of  re- 
search that  might  materially  assist  in  re- 
vitalizing the  marine  transportation  industry 
cannot  be  overstated.  The  problem  is  clear, 
and  it  can  be  expected  to  get  worse  rather 
than  better  unless  new  knowledge  and  new 
ideas  are  generated  and  applied  to  the  task 
of  improving  the  whole  field  of  oceanic  trans- 
portation. 

The  fact  that  increased  oceanographic  re- 
search might  be  of  considerable  benefit  to 
the  transportation  industry  has  been  stated 
many  times  in  the  past.  On  numerous  oc- 
casions, it  has  been  used  as  one  of  the  several 
justifications  for  increased  support  of  ocean- 
ography by  the  Federal  government.  The 
period  of  tacit  acceptance  of  sweeping  gen- 
eralities is  past,  however,  and  the  time  has 
come  to  spell  out  in  some  detail  just  how 
oceanography  can  be  of  benefit. 

Ship  Design.  Even  though  there  is  some 
tendency  now  to  design  faster  merchant  ships 
— the  20-knot  Mariners  are  the  outstanding 
example — a  real  incentive  to  design  ships  for 
optimum  speeds  would  result  if  freight  rates 
were  varied  to  recognize  the  value  of  speed 
of  delivery. 

It  might  be  possible,  under  a  policy  of  vary- 
ing freight  rates,  to  have  a  certain  number  of 
express  ships  much  as  the  land  and  air  trans- 
portation systems  have  air  freight,  rail  ex- 
press, and  parcel  post.  Realizing  that  faster 
ships  will  have  to  be  built,  the  ship  designers 
have  already  come  to  the  oceanographers  ask- 
ing for  information  that  is  not  yet  available. 
For  example,  from  the  oceanographers  and 
the  statisticians  are  needed  the  data  to  de- 
velop an  integrated  theory  of  the  strains  and 
motions  to  which  a  ship  is  subjected  in  a  sea- 
way. On  the  basis  of  such  a  theory,  ships  can 
be  better  designed  for  the  environment  in 
which  they  have  to  operate.  It  is  the  waves 
that  produce  the  major  strains  suffered  by  a 
ship  and,  therefore,  must  be  taken  into  ac- 
count in  the  earliest  design  stage.  Similarly, 
it  is  the  sea  itself  that  causes  the  heavy  slam- 
ming and  the  emergence  of  the  propeller, 
both  of  which  produce  dangerous  vibrations 
which  must  also  be  considered  in  the  design 
stages.  In  addition,  the  loss  of  speed  to  be  ex- 
pected in  heavy  weather  must  be  considered 
in  the  design  for  the  fuel  consumption  and 


power  requirements.  The  various  oscillations 
induced  into  a  ship  by  the  waves  she  en- 
counters must  be  considered  in  designing  for 
freeboard,  stability,  and  general  ship  safety. 
Yet,  adequate  statistical  wave  data  from  the 
open  sea  are  not  now  available.  There  is  not 
even  sufficient  wave  information  to  allow  the 
ship  designers  to  know  how  realistic  are  the 
wave  conditions  which  they  create  in  their 
test  and  model  basins. 

The  U.  S.  Maritime  Administration  has  re- 
cently advanced  the  idea  of  designing  ships 
specifically  for  certain  limited  trade  routes  so 
that  construction  costs  may  be  reduced  by 
building  ships  to  withstand  the  waves  to  be 
expected  only  along  one  particular  route.  Yet, 
there  is  not  now  adequate  data  available  on 
wave  conditions  at  sea  even  to  distinguish  the 
wave  characteristics  of  various  ocean  areas — 
if  indeed  there  are  typical  differences. 

Recent  basic  research  work  on  the  hydro- 
dynamics of  porpoises  holds  great  potential 
for  developing  means  to  reduce  the  skin  fric- 
tion and  hence  increase  the  efficient  speed  of 
submarines.  This  work  may  produce  major 
improvements  in  the  design  of  future  com- 
mercial as  well  as  military  undersea  vehicles. 

The  future  of  undersea  commercial  trans- 
portation should  not  be  overlooked,  and  the 
design  of  cargo-carrying  submarines  is  al- 
ready being  considered.  Plans  for  a  nuclear- 
powered  submarine  cargo  ship  have  already 
been  presented  before  the  Royal  Institution 
of  Naval  Architects  in  London.  This  ship, 
appropriately  nicknamed  Moby  Dick,  was  de- 
signed to  carry  iron  ore  from  northern  Can- 
ada to  Britain  at  speeds  of  25  knots  at  depths 
of  250  to  350  feet.  Under  the  northern  ice- 
fields, speed  would  be  reduced  to  about  15 
knots.  There  is  more  to  such  ships  than  merely 
building  them.  The  designei-s,  for  example, 
say  that  submarine  freighters  probably  could 
not  be  justified  on  economic  grounds  at 
speeds  of  less  than  25  knots.  They  would 
probably  be  used  for  sperial  trades  in  which 
surface  vessels  would  be  limited  to  seasonal 
operations,  as  in  the  Arctic.  The  availability 
of  shorter  routes  using  imder-ice  movement 
contributes  to  the  appeal  of  the  commercial 
submarine.  The  polar  route  between  London 
and  Tokyo,  for  example,  is  only  6,300  miles 
in  contrast  to  11,200  by  the  conventional  sur- 
face route.  From  Honolulu  to  London,   the 


under- ice  polar  route  would  save  nearly  3,000 
miles. 

Ship  Routing.  The  knowledge  of  any  system 
has  reached  a  high  level  of  sophistication 
when  future  actions  of  that  system  can  be 
accurately  predicted;  and,  conversely,  if  the 
aim  is  prediction,  a  large  body  of  knowledge 
about  the  system  must  be  developed.  A  case 
in  point  is  the  prediction  of  sea  surface  condi- 
tions. If  the  causes  of  waves,  the  mechanisms 
for  the  growth  and  decay  of  waves,  the  move- 
ment of  waves,  and  the  effect  of  waves  on 
^;hips  were  completely  known,  and  if  the  dis- 
tribution of  these  causes  were  known  and 
predictable,  it  would  be  possible  to  predict 
the  waves  which  any  ship  would  encounter 
along  any  given  route.  Ships  could  then  be 
routed  along  an  optimum  time  track  or 
routed  for  maximum  comfort  or  safety. 

To  some  extent  this  is  already  possible  on 
the  basis  of  the  rather  limited  knowledge 
available.  The  Naval  O^eanographic  Office 
has  prepared  wave  forecasts  for  a  number  of 
tows  of  heavy  equipment  that  were  extremely 
sea-sensitive.  The  Texas  Tower  radar  stations 
were  towed  into  position  on  the  basis  of  rec- 
ommended route  and  predicted  wave  condi- 
tions. The  movement  of  the  large  rocket 
boosters  from  New  Orleans  to  Cape  Canaveral 
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Ice  in  inland  and  coastal  waters  presents  a  very 
real  hazard  to  shipping.  The  USC&GS  Ship 
Marmer,  on  a  current  measuring  survey,  works 
her  way  carefully  through  the  ice  floes  in  the 
Hudson  River. 


Continual  improvement  in  the  coverage  and 
quality  of  marine  charts  is  essential.  An  oflScer 
and  a  chief  on  board  a  hydrographic  survey 
ship  plot  and  check  offshore  soundings  in  the 
ship's  plotting  room. 


is  also  governed  in  part  by  a  similar  service 
provided  by  oceanographers.  In  1956,  the 
Navy  Hydrographic  Office  initiated  the 
Navy's  ship  routing  service  with  a  total  of  34 
experimental  routes.  Presently  the  Navy  is 
provided  with  about  1,600  optimum  tracks 
per  year.  The  Maritime  Administration  and 
some  commercial  steamship  operators  have 
also  used  the  Least  Time  Track  principle  to 
reduce  the  time  of  vessels  at  sea.  Savings  in 
steaming  time  have  been  recorded  at  8  hours 
for  a  3,000-mile  trip  and  13  to  15  hours  for  a 
trip  of  5,000  miles.  The  ship-routing  tech- 
nique is  still  in  its  infancy,  however. 

There  are  other  advantages  to  accrue  to 
the  shipping  industry  from  intelligent  routing 
procedures.  Safety  and  comfort  may  in  some 
instances  be  as  important  economically  as 
speed.  The  minimizing  of  heavy  weather 
damage  to  ships,  cargo,  and  personnel  would 
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amount  to  substantial  savings  annually  to  the 
shipping  industry.  In  one  recent  year,  four 
ships  totalling  30,118  gross  tons  were  total 
losses,  owing  solely  to  weather  damage,  and 
822  ships  sustained  partial  damage  from  the 
efTects  of  bad  weather.  Cargo  losses  from 
weather  damage  run  well  into  the  millions  of 
dollars  annually. 

For  a  ship  whose  operating  costs  at  sea  run 
S3, 000  per  day,  a  saving  of  12  hours  on  a 
transoceanic  crossing  amounts  to  a  saving  of 
$1,500  on  that  trip  alone.  Considering  the 
number  of  ships  operating  at  any  given  time 
and  the  number  of  crossings  such  ships  might 
make,  the  potential  savings  to  the  maritime 
industry  from  a  perfected  ship-routing  pro- 
gram would  run  into  many  millions  of  dollars 
annually.  To  this  should  also  be  added  the 
savings  resulting  from  miniinizing  the  cargo 
losses  and  ship  repairs  resulting  from  weather 
damage. 

Port  Facilities.  The  major  portion  of  the 
cost-to-the-shipper  of  goods  carried  by  oce- 
anic transport  is  absorbed  in  the  port  areas 
particularly  in  the  process  of  loading  and  dis- 
charging his  cargo  between  the  ship  and  the 
land.  These  in-port  costs  have  been  estimated 
at  over  half  of  the  total  shipment  bill.  The 
seaborne  part  of  an  overseas  shipment  is  the 
most  economical  form  of  transportation  known 
to  man.  The  real  need  is  for  more  efficient 
transfer  between  the  ship  and  the  shore. 
Quick  port  turnaround  is  extremely  impor- 
tant, too,  primarily  because  U.  S.  ships  cost 
more  to  build  and  operate  than  do  their  for- 
eign counterparts.  Marine  transportation 
and  the  U.  S.  public  ultimately  would  benefit 
from  such  improvements,  because  of  the  in- 
crease in  the  nation's  imports  and  exports 
that  might  be  expected  if  the  cargo-handling 
costs  could  be  reduced.  Such  reductions 
would  also  make  higher  sea  speeds  more 
logical. 

Improved  predictions  for  tidal  currents  in 
narrow  channels  and  constricted  harbors,  im- 
proved nautical  charting  techniques,  in- 
corporation of  radar  "pictures"  in  harbor 
chart  atlases,  improved  harbor  construction 
based  on  more  accurate  predictions  of  the  re- 
sulting changes  in  bottom  silting  conditions, 
development  of  schemes  for  prexenting  or 
dissipating  such  natural  hazards  as  fog  and 
ice,  all  of  these  could  result  from  an  increased 


eflfort  in  oceanographic  research.  These 
would  all  contribute  to  more  efficient  opera- 
tion and  hence  lower  costs  in  existing  harbors, 
whereas  what  is  most  needed  is  a  whole  new 
approach  to  the  major  harbor  problem  of  re- 
ducing the  cargo-handling  costs  and  turn- 
about time. 

Harbors  in  most  cases  are  crowded,  and  the 
maneuvering  of  large  ships  in  the  constricted 
waterways  and  turning  basins  is  a  slow  and 
difficult  process  at  best.*  Strong  tidal  cur- 
rents, shoaling  waterways,  slips  almost  al- 
ways at  right  angles  to  the  current  and  pre- 
vailing wind,  and  channel  lights  masked  by  a 
strong  background  of  city  lights  are  but  a  few 
of  the  hazards  that  the  captain  of  an  oceanic 
ship  must  encounter.  Normally,  the  docking  of 
a  large  ship  in  a  typical  harbor  is  such  a  de- 
manding task  that  local  pilots  are  brought 
aboard  to  conn  the  ship  to  her  berth. 

The  oceanographers  could  well  team  up 
with  the  marine  engineers  in  a  concerted 
study  to  devise  an  entirely  new  approach  to 
the  problem  of  transferring  bulk  cargo  from 
the  sea  to  the  land.  One  possible  solution  has 
already  been  used  successfully  by  the  oil 
companies.  At  many  places  they  use  offshore 
buoys  through  which  their  cargoes  are  dis- 
charged through  sea-bottom  pipelines  to  the 
shore.  It  is  quite  possible  that  floating  ter- 
minals could  be  used  for  other  types  of  cargo. 
Ores,  grains,  and  oil  would  be  particularly 
amenable  to  this  type  of  offshore  terminal. 
As  "containerization"  and  other  types  of 
"cargo  utilization"  are  developed,  so,  too. 
should  be  the  methods  of  handling  the  cargo 
by  means  other  than  the  conventional  harbor 
techniques. 

The  formation  of  ice  in  the  extreme  north- 
ern and  southern  harbors  has  been  a  definite 
detriment  to  marine  transportation  in  tliese 
areas.  In  Greenland,  Sweden,  and  Canada, 
recent  trials  with  the  so-called  "bubbler" 
system  have  definitely  shown  that  the  tech- 
nique works.  This  invohes  laying  pipes  on  the 
bottom  of  a  harbor  and  pumping  compressed 
air  through  the  pipes  which  are  perforated 
along  their  length.  The  rising  air  bubbles 
create  a  vertical  circulation  which  carries  the 


*  See  T.  L.  Lewis,  "Canals  .nnd  Channels,  .^  Look 
Ahead,"  August  1967  Proceedings,  pp.  .^3-43;  D.J. 
Flood,  January  1968  Proceedings,  pp.  lO'i   110. 
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warmer  bottom  water  to  the  surface,  raising 
by  a  fraction  of  a  degree  the  temperature  at 
the  very  surface  where  the  ice  first  forms. 
Additional  applied  research  in  this  area 
might  well  increase  the  open  port  time  for 
many  of  the  world's  high-latitude   harbors. 

All  the  developments  in  faster  and  better 
ocean  transportation  are  efforts  wasted  if  the 
ships  doing  the  job  have  to  waste  half  of  their 
time  in  inefficient  ports.  Oceanographic  re- 
search can  contribute  much  to  the  solution  of 
this  problem. 

Navigation  and  Strandings.  Traditionally,  the 
ship  captain  has  entertained  a  fear  of  run- 
ning aground.  The  Loss  Book  of  the  Liverpool 
Underwriters'  Association  shows  that  these 
fears  are  still  well  founded,  for  in  one  year 
alone,  68  ships  ran  aground  and  were  lost. 
This  amounted  to  a  loss  of  280,732  gross  tons 
of  shipping.  Partial  losses  owing  to  the  same 
cause  were  sustained  by  925  ships.  Yet,  the 
threat  of  running  aground  is  only  a  part  of  the 
problem  related  to  the  navigation  of  ships  on 
the  high  seas.  In  the  19th  century,  Matthew 
Fontaine  Maury  realized  the  importance  of 
wind  and  current  information  to  the  captains 
of  sailing  ships;*  but  with  the  advent  of  steam, 
ships  were  able  to  roam  the  seas  with  little 
need  to  consider  the  currents  and  wind.  Now 

*  See  A.  C.  Brown,  "The  Arctic  Disaster,  Maury's 
Motivation,"  January  1968  Proceedings,  pp.  78-83. 


that  submarines  are  operating  in  all  seas,  and 
with  the  possible  future  development  and  use 
of  cargo-carrying  submarines,  noted  earlier, 
it  is  necessary  that  we  learn  more  of  the  sub- 
surface currents  that  can  have  a  marked  effect 
on  the  movement  of  such  submerged  freight- 
ers. If  we  wait  until  these  undersea  ships  are 
a  reality,  it  will  be  too  late. 

For  example,  the  Great  Circle  distance 
from  New  York  to  Gibraltar  is  2,805  nautical 
miles.  If  there  were  no  current  at  all,  a  sub- 
marine traveling  at  20  knots  could  make  the 
trip  in  140  hours.  With  a  three-knot  current 
moving  in  the  same  general  direction,  the 
transit  time  would  be  some  18  hours  less.  If 
the  current  were  opposing  at  the  same  rate, 
the  transit  time  would  be  some  18  hours  more, 
for  a  total  saving  of  a  day-and-a-half  in  the 
passage  of  a  submarine  between  New  York 
and   Gibraltar.   This    presupposes    that    the 


Improved  harbor  facilities  demand  more  ac- 
curate tidal  predictions.  Two  ofl&cers  of  the 
ESSA  Commissioned  Corps  run  a  line  of  levels 
to  tie  in  a  tide  gauge  with  bench  marks  of 
known  elevation  on  the  land. 


Weather  observations  at  sea  provide  data  that 
ESSA's  meteorologists  use  in  preparing  marine 
forecasts  for  the  transportation  industry.  A 
Weather  Bureau  meteorological  technician 
launches  a  radiosonde  balloon  from  the  USC- 
&GS  Survey  Ship  Explorer  in  the  Caribbean 


Such  buoys  as  this  prototype  for  measuring 
oceanic  and  atmospheric  characteristics, 
placed  in  a  global  network,  will  one  day  give 
oceanographers  and  meteorologists  data  need- 
ed to  improve  sea  state  and  marine  weather 
forecasts. 


Part  of  the  solution  to  the  problems  created  by 
marine  boring  and  fouling  mechanisms  rests 
on  the  ability  of  marine  biologists — two  ex- 
amine samples  from  the  cod  end  of  a  plankton 
net  just  recovered  from  a  night  tow — to  deter- 
mine the  life  histories  of  the  organisms. 


skipper  would  know  at  exactly  what  depth  he 
could  encounter  a  three-knot  current  that 
would  assist  him.  The  Cromwell  Curreiit,  an 
undercurrent  in  the  Equatorial  Pacific,  has 
been  clocked  at  these  speeds,  and  a  compara- 
ble current  in  the  Atlantic  has  recently  been 
measured  at  hall'  this  speed.  At  present,  these 
are  the  two  major  subsurface  oceanic  currents 
that  are  known  to  oceanographers  as  poten- 
tially important  in  submarine  navigation. 
Probably  others  exist  but  have  yet  to  be  dis- 
covered. That  such  currents  are  present  has 
occasionally  been  shown  by  observations  of 
the  movement  of  submarines.  It  is  up  to  the 
oceanographers  to  measure  and  chart  such 
subsurface  currents  so  that  when  the  sub- 
marine freighter  is  a  reality,  we  shall  have  the 
environmental  data  that  will  make  these 
vehicles  profitable. 


The  status  of  accurate  charting  of  the  ocean 
bottom  is  sufficiently  bad  that  the  hydrog- 
raphers  of  the  world  are  actually  embar- 
rassed about  it.  Nautical  charting  along  the 
coasts  of  the  major  maritime  nations  is  in  fair 
shape,  but  there  exist  no  accurate  charts  of 
over  95  per  cent  of  the  ocean.*  The  aircraft 
pilot  operating  under  visual  flight  regulations 
is  able  to  look  out  of  his  window  and  see 
rivers,  mountain  ranges,  canyons,  and  hills, 
and  by  these  locate  himself  by  the  method 
known  as  piloting.  In  simpler  words,  this 
merely  means  looking  and  seeing  where  you 
are.  With  very  few  exceptions,  this  technique 
is  not  available  to  the  marine  navigator  be- 
cause the  knowledge  of  the  submarine  land- 
scape is  too  meager  for  him  to  use.  The  area 
of  submarine  canyons,  which  indent  the 
continental  slope  ofT  Georges  Bank,  some  100 
miles  east  of  Cape  Cod,  is  one  of  the  few  ex- 
ceptions. A  series  of  steep  submarine  canyons 
lies  athwart  the  major  sea  lane  between 
Europe  and  New  York.  These  canyons  have 
been  accurately  charted  by  the  U.  S.  Coast 
and  Geodetic  Suney  of  ESS.\  and  are  shown 
on  the  navigational  charts  of  the  area.  As 
trans-oceanic  shipping  approaches  the  area, 

*  See  C.  N.  G.  Hendrix,  "The  Depths  of  Ignor- 
ance," May  1968  Proceedings,  pp.  32-45. 
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the  normal  procedure  is  to  switch  on  the  echo 
sounder.  As  the  bottom  trace  shows  that  the 
ship  has  crossed  the  first  canyon,  the  naviga- 
tor checks  the  maximum  depth  of  crossing. 
By  reference  to  his  chart,  he  is  able  to  get  an 
accurate  fix  on  his  location,  for  the  canyon 
axis  gives  him  a  check  in  one  direction,  and 
the  point  of  axis-crossing  is  neatly  defined  by 
the  maximum  depth  to  give  him  a  check  in 
the  other  direction.  As  he  crosses  the  next  of 
the  series  of  canyons,  the  procedure  is  re- 
peated to  give  a  second  fix,  and  he  has  not 
only  a  firm  check  on  his  course,  but  also  on 
his  speed  of  advance.  Fixes  of  this  sort  are 
independent  of  the  cloud  cover  that  prohibits 
star  fixes  and  of  the  sky  wave  problem,  pre- 
cipitation static,  and  occasionally  poor  trans- 
mission that  sometimes  interfere  with  obtain- 
ing good  positions  from  electronic  positioning 
systems.  Once  the  entire  ocean  has  been  ade- 
quately charted,  this  same  piloting  technique 
can  be  used  to  help  the  ocean  navigator  locate 
himself. 

Considerable  portions  of  the  coasts  of  this, 
and  other  countries,  still  need  to  be  surveyed 
by  accurate  methods.  Studies  need  to  be 
made  of  the  possible  use  of  depth  contours  in 
addition  to,  or  as  replacements  for,  the  tradi- 
tional spot  soundings  on  nautical  charts.  The 
use  of  relief  portrayal  of  bottom  configuration 
should  be  studied,  so  that  the  best  means  of 
navigation  by  bottom  topography  may  be 
developed.  Charts  or  related  publications 
may  well  be  improved  by  showing  more  and 
better  information  on  currents  and  possibly 
even  weather.  For  all  of  these  items,  con- 
tinued and  expanded  oceanographic  re- 
search is  a  prerequisite.  Such  fields  as  current 
delineation  by  aerial  photography  and  air- 
borne and  satellite  radiation  thermometry, 
improved  soundings  by  stabilized  narrow- 
beam  transducers  and  by  lateral  sounding 
equipment  to  cover  a  wider  area,  and  greater 
area  coverage  by  carefully  planned  oceanic 
surveys,  all  will  contribute  to  better  naviga- 
tion through  better  charting  of  currents  and 
bottom  topography. 

Better  navigation  will  mean  fewer  strand- 
ings  and  less  loss  of  ships  and  cargo,  it  will 
mean  faster  transit  times  resulting  from  better 
underway  track  control,  and  it  may  even 
mean  fewer  losses  from  collisions  resulting 
from   poor   navigational    control.    Collisions 


alone  caused  the  total  loss  of  14  ships  amount- 
ing to  60,843  gross  tons,  and  a  partial  loss  of 
1,804  ships  during  one  recent,  although  not 
typical,  year. 

Fouling,  Corrosion,  and  Boring.  The  fouling 
and  corrosion  of  ship  hulls  and  the  ravages  of 
boring  organisms  have  been  a  "calamitas 
navium,"  as  the  Swedish  botanist,  Carolus 
Linnaeus,  referred  to  them,  since  man  first 
took  to  the  sea.  The  ancient  Carthagenian 
and  Phoenician  ship  owners  were  beset  with 
the  problems  of  fouling  and  boring  organisms, 
and  they  routinely  charred  the  bottoms  of 
their  ships  and  painted  them  with  pitch  as 
protective  measures.  In  the  3rd  century  B.C., 
Archimedes  of  Syracuse  sheathed  the  bottoms 
of  his  ships  with  lead,  fastened  with  copper 
bolts  to  prevent  their  destruction  by  the  in- 
sidious boring  organisms.  During  the  Ameri- 
can Revolution,  the  introduction  of  copper 
sheathing  for  wooden  ship  hulls  did  much  to 
slow  down  the  damage  of  marine  borers,  but 
these  creatures  are  still  with  us  and  still  doing 
millions  of  dollars  worth  of  damage  each  year. 

This  source  of  ships'  bottom  fouling  is 
probably  the  most  direct  organic  threat  to 
the  world's  merchant  fleets  today.  Freedom 
from  corrosion  and  fouling  means  a  smoother 
hull.  This  in  turn  means  less  frictional  resis- 
tance and  hence  less  power  requirement,  with 
a  resultant  demand  for  less  fuel  for  the  same 
speed.  This  in  turn  means  lower  costs  to  the 
ship  operator. 

The  costs  related  to  fouling  of  ships'  hulls 
have  been  well  documented.  A  study  by  the 
Bureau  of  Ships  in  the  early  stages  of  World 
War  II  was  carried  out  on  ten  destroyers.  It 
was  found  that  the  use  of  galvanic  cathode 
protection  systems  to  offset  electrolytic  action 
corrosion  resulted  in  maintenance  savings  of 
$10,000  toS20,000  per  destroyer  per  overhaul. 
Similarly,  a  study  by  Arthur  D.  Little,  Inc., 
showed  that  fouling  by  barnacles  and  other 
organisms  can  so  reduce  the  speed  developed 
at  a  given  engine  power  that  in  order  to  main- 
tain shipping  schedules,  fuel  consumption 
must  be  increased  by  50  per  cent.  Actually 
the  fouling  organisms  on  ships'  hulls  are  not 
only  the  well-known  barnacle,  but  also  com- 
monly include  the  hydroids,  algae,  calcareous 
worm  tubes,  and  sea  squirts.  The  larval  stages 
normally  attach  themselves  to  the  hull  while 
the  ship  is  in  port,  and  unless  detached  by 
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friction  wlien  the  ship  is  underway,  they  re- 
main in  place  to  grow  and  thereby  to  reduce, 
measurably,  the  efficient  operation  of  the  ship. 

In  earlier  times,  it  was  not  uncommon  for 
a  ship  to  have  her  bottom  encrusted  to  a 
thickness  of  8  or  9  inches,  adding  300  tons  or 
more  to  her  original  weight.  More  recently, 
dry-docking  has  reduced  the  maximum 
growth  that  most  ships  can  expect;  but  after 
6  to  8  months  at  sea,  growths  2  to  3  inches 
thick  and  weighing  upwards  of  100  tons  can 
be  expected.  It  has  been  conservatively  esti- 
mated that  the  annual  cost  to  U.  S.  shipping, 
from  fouling  alone,  runs  upwards  of 
$100,000,000! 

Some  advances  in  reducing  the  costs  owing 
to  fouling  have  been  made  in  recent  years. 
For  example,  compositions  that  give  off  toxic 
ions  of  copper  or  mercury  can  actually  poison 
organisms  within  one  millimeter  of  a  ship's 
hull,  and  studies  have  shown  that  ships  should 
be  repainted  at  regular  intervals,  based  upon 
the  effectiveness  of  the  original  paint,  the 
season  of  the  year,  and  the  "foulness"  of  the 
ports  visited.  Plastic  hulls  have  recently  been 
used  by  the  Coast  Guard  with  great  success  in 
their  40-foot  utility  boats.  Fiberglass-rein- 
forced plastic  hulls  constructed  in  1951  and 
1952  have  been  used  in  the  extremely  acid 
environment  of  Houston  Harbor  for  almost 
seven  years.  It  was  found  that  the  average  hull 
maintenance  costs  were  only  $814  with  the 
plastic  hulls,  as  opposed  to  more  than  ten 
times  that  amount  for  steel  boats  and  over 
seven  times  that  amount  for  wooden  boats. 

Oceanographic  research  can  definitely  con- 
tribute to  the  reduction  in  costs  incurred  as  a 
result  of  marine  fouling.  Practical  anti-fouling 
methods  must  rest  on  a  complete  understand- 
ing of  the  whole  life  history  of  the  particular 
species  of  organisms  involved.  Only  then  can 
we  hope  to  know  the  weak  points  where 
their  growth  can  be  effectively  inhibited.  It 
is  especially  noteworthy  that  the  major  foul- 
ing of  ships'  hulls  occurs  not  while  the  ship  is 
underway  in  the  open  ocean  but  rather  while 
she  is  in  port.  This  is  another  valid  reason  for 
the  development  of  port  facilities  that  will 
allow  a  quicker  turnaroimd  time. 

Three  families  of  boring  organisms  are  re- 
sponsible for  the  largest  part  of  the  great 
destruction  wrought  each  year  to  wharves, 
piers,  ferry  slips,  and  other  terminal  facilities 
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composed  wholly  or  in  part  of  wood.  These 
are  the  Teredinidae,  Pholadidae,  and  Limnona. 
Probably  the  most  destructive  are  Teredo  and 
Bankia  of  the  Teredinidae.  These  are  the  so- 
called  "shipworms"  and  may  grow  to  a 
length  of  more  than  5  feet,  while  attaining  a 
diameter  of  only  one  inch.  Although  they 
look  like  worms,  they  actually  are  a  species  of 
mollusk. 

A  single  species  of  boring  organism  which 
attacked  a  large  wharf  in  Boston  Harbor  did 
more  than  $3,000,000  worth  of  damage,  and 
in  1946,  the  Brielle  Bridge  over  the  Manas- 
quan  River  in  New  Jersey  completely  col- 
lapsed as  a  result  of  the  activities  of  marine 
borers  in  the  center  pier  supports. 

A  frequently  quoted  figure  for  the  annual 
destruction  of  marine  facilities  by  the  action 
of  boring  organisms  is  $50,000,000,  a  figure 
first  presented  in  a  1948  report.  By  1957,  the 
American  dollar  losses  owing  to  the  activi- 
ties of  marine  wood  borers  amounted  to 
$500,000,000,  with  the  total  cost  to  the  U.  S. 
Navy  alone  amounting  to  $50,000,000  an- 
nually. 

Considerable  progress  has  already  been 
made  in  the  fight  against  the  destruction 
caused  by  these  marine  organisms.  Pressure 
creosoting  has  been  one  of  the  best  deterrents 
to  date.  As  an  example  of  the  effectiveness  of 
this  treatment,  the  piles  and  timbers  for  the 
Sausalito  ferry  slip  in  San  Francisco  Bay  were 
pressure-treated  with  creosote  in  1898.  When 
these  same  pilings  were  remo\ed  some  59 
years  later,  they  were  still  in  useable  condi- 
tion.   In   the  same  general  area,   wharf  in- 
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stallations  on  Treasure  Island  were  seriously 
damaged  by  Limnoria,  and  a  fender  system, 
built  of  untreated  eucalyptus  during  World 
War  II,  was  so  badly  damaged  by  these  bor- 
ing organisms  that  it  was  totally  unfit  for  use 
within  five  years. 

Oceanographic  research  to  date  has  shown 
that  the  organisms  responsible  for  this  de- 
struction are  to  varying  degrees  sensitive  to 
salinity,  temperature,  the  food  supply,  cur- 
rent action,  pollution,  dissolved  oxygen  con- 
centration, pH,  and  the  amount  of  dissolved 
H2S  in  the  water.  The  research  into  the  life 
cycles  and  limiting  factors  of  these  organisms 
must  continue,  for  it  is  in  the  results  of  re- 
search that  the  solution  to  this  problem  must 
lie.  There  are  two  costs  related  to  this  prob- 
lem: the  cost  of  doing  nothing,  and  the  cost 
of  doing  something.  We  know  that  the  former 
is  expensive;  considerable  savings  could  result 
froin  the  latter. 

Corrosion  of  ships  ranks  with  fouling  and 
boring  in  over-all  costs  to  the  U.  S.  shipping 
industry.  The  Socony- Vacuum  Oil  Company 
has  estimated  that  the  corrosion  bill  for  a 
fleet  of  20  tankers  amounts  to  $1,000,000  per 
year,  or  $50,000  per  tanker  per  year.  The  cost 
for  any  individual  tanker  depends  on  the 
trade  routes  on  which  it  operates,  the  type  of 
cargo  carried,  the  ballasting,  and  the  fre- 
quency and  method  of  cleaning.  A  typical 
tanker,  in  coastwise  service  after  eight  years 
of  operating  with  mixed  cargoes,  normally 
must  have  the  top  18  feet  of  all  cargo  bulk- 
heads renewed  at  a  cost  of  about  $250,000  for 
an  average  cost  of  $1,300  per  voyage.  The 
lower  bulkheads  need  to  be  replaced  every 
four  years  involving  corrosion  cost  of  between 
$50,000  and  $75,000  per  year  for  replace- 
ment of  steel  alone.  Additional  costs  include 
$3,000  to  $8,000  per  day  during  the  time  the 
ship  is  laid  up  for  repairs. 


Some  advances  have  already  resulted  from 
marine  corrosion  research.  Anti-corrosion 
paints  using  mineral  pigments  have  been  de- 
veloped for  steel.  These  include  the  long- 
famous  red  lead,  as  well  as  the  zinc  or  lead 
chromate  paints,  and  paints  made  with  iron 
oxide,  titanium  oxide,  or  aluminum  flakes. 
Steels  with  copper  or  phosphorus  have  been 
found  to  be  more  resistant  to  corrosion  than 
ordinary  steel,  and  the  addition  of  silicon, 
chromium,  and  the  various  nickel-copper 
alloys  also  increases  the  resistance  to  marine 
corrosion.  Cathodic  protection  has  also 
proven  to  be  of  considerable  use  in  the  pre- 
vention of  corrosion.  In  Britain,  for  example, 
it  has  been  estimated  that  an  unprotected 
tanker  might  last  12  years,  after  which  the 
hull  would  have  to  be  renewed  at  a  cost  of 
about  $1,200,000.  Cathodic  protection  of  the 
same  ship  over  17  years  costs  $165,000  for  a 
total  saving  of  over  a  million  dollars. 

The  corrosion  problem  is  far  from  solved, 
and  the  costs  to  the  American  shipping  indus- 
try from  corrosion  alone  amount  to  an  esti- 
mated $50,000,000  per  year.  Marine  chemi- 
cal research,  long  neglected  in  this  country, 
might  well  discover  some  new  technique  for 
reducing  these  losses. 

From  all  of  this,  the  final  conclusion  to  be 
derived  is  that  the  best  approach  to  solving 
these  problems  is  a  concerted  effort  in  both 
basic  and  applied  oceanographic  research. 
This  research  should  be  coupled  with  that 
being  carried  out  by  the  ship  designers, 
coastal  engineers,  and  industrial  engineers 
who  have  long  been  involved  in  these  very 
problems.  A  vigorous  program  of  oceano- 
graphic research  can  help  point  the  way  to 
the  development  of  a  U.  S.  merchant  fleet 
that  can  regain  its  rightful  place  among  the 
maritime  nations  of  the  world. 
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Magnetic  total  intensity  observations  off  the  coast  of  California  to  133°W  delineate  addi- 
tional offsets  of  the  magnetic  anomaly  lineations  not  previously  reported.  The  lack  of 
topographic  expression  of  the  minor  magnetic  anomaly  ofTsets  suggests  that  either  the  sedi- 
mentary cover  masks  small  displacements  or  the  source  of  the  magnetic  anomalies  lies  in  the 
deeper  part  of  the  oceanic  crust.  A  distinct  change  in  amplitude,  wavelength,  and  trend  of  the 
magnetic  lineations  occurs  at  approximately  124°20'W.  This  change  coincides  with  a  hiatus 
in  the  pattern  of  the  magnetic  lineations  and  supports  the  contention  that  the  process  of 
sea-floor  genesis  was  episodic  rather  than  a  continuous  event. 


Introduction 

As  part  of  the  ESSA  Coast  and  Geodetic 
Survey  contribution  to  the  Upper-Mantle  Pro- 
ject, shipborne  magnetic  total  intensity  observa- 
tions were  made  in  the  area  of  the  offshore  ex- 
tension of  the  U.  S.  Transcontinental  Geophys- 
ical Survey.  The  measurements  were  made  pri- 
marily along  east-west  track  lines  spaced  at 
intervals  of  approximately  18  km  between  35°N 
and  30°N,  extending  westward  to  133°W.  Con- 
trol for  the  track  lines  was  maintained  by  satel- 
lite navigation. 

The  residual  anomaly  map  presented  by 
Lattimore  et  al.  [1968]  extends  seaward  the 
more  closely  spaced  observations,  reported  by 
Mason  and  Raff  [1961].  Figure  1  shows  both 
maps  combined.  The  good  agreement  between 
the  two  maps  is  illustrated  by  the  close  match 
of  the  contour  lines  in  the  area  of  junction.  Be- 
cause of  closer  track  line  spacing  and  better 
anomaly  definition,  the  Mason  and  Raff  [1961] 
map  was  preferred  in  the  coastal  area  to  tlie 
map  presented  by  Lottimore  et  al.  [1968]. 

Discussion 

The  pattern  of  magnetic  anomaly  lineations 
and  their  worldwide  distribution  has  been  dem- 
onstrated by  Pitman  et  al.  [1968],  Dickson 
et  al.  [1968],  and  Le  Pichon  and  Heirtzler 
[1968].  These  authors  interpret  the  origin  of 
the  magnetic  anomaly  lineations  in  accordance 
with    the   hypothesis   of   Vine    and   Matthews 
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[1963].  Recent  interpretations  of  global  tec- 
tonics, based  on  the  distribution  of  the  magnetic 
lineations,  by  Morgan  [1968]  and  by  Le  Pichon 
[1968]  assume  that  sea-floor  spreading  is  the 
consequence  of  crustal  opening  caused  by  the 
rotation  of  individual  crustal  blocks.  By  using 
the  data  presented  by  Ewing  and  Ewing  [1967] 
and  by  Ewing  et  al.  [1968],  Le  Pichon  [1968] 
modified  the  geomagnetic  time  scale  discussed 
by  Vine  [1966]  and  Heirtzler  et  al.  [1968]  and 
presented  the  global  spectrum  of  magnetic  linea- 
tions in  terms  of  episodic  sea-floor  spreading. 
The  difference  in  the  time  span  of  sea-floor 
spreading  between  the  Le  Pichon  [1968]  esti- 
mation and  the  earlier  time  scale  is  only  17 
m.y.  This  duration  is  arrived  at  by  retarding 
the  rate  of  spreading  and  finally  completely 
stopping  it  at  anomaly  5  (magnetic  anomahes 
numbered  after  the  system  of  Pitman  et  al. 
[1968]).  The  pause  in  spreading  at  anomaly  5 
is  estimated  to  have  lasted  10  m.y.  It  is  assumed 
by  Le  Pichon  [1968]  that  a  major  reorganiza- 
tion of  spreading  took  place  at  the  Mesozoic- 
Cenozoic  boundary  (anomaly  32)  and  at  the 
Miocene-Pliocene  boundary  (anomaly  5). 
Menard  and  Atwater  [1968]  assumed  five  re- 
organization events,  based  on  the  change  of 
strike  of  the  fracture  zones  in  the  northeast 
Pacific.  An  independent  study  by  Peter  et  al. 
[1969]  suggests  two  changes  in  the  direction 
and  speed  of  crustal  spreading:  the  first  oc- 
curred between  anomalies  22  and  24  and  the 
second  between  anomalies  5  and  7.  The  new 
data    off    California    support    the    idea    of   an 
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Fig.  1.  Magnetic  anomaly  map  showing  major  faulting.  The  0-  and  100-gamma  contours 
are  shown,  with  the  stippled  areas  indicating  anomalies  greater  than  100  gammas.  Magnetic 
anomahes  are  numbered  after  the  system  of  Pitman  et  al.  [1968]. 


episodic  crustal  generation  and  its  reorientation 
in  direction  at  the  beginning  of  a  new  episode. 

The  region  investigated  (Figure  1)  can  be 
divided  into  two  separate  zones  at  approxi- 
mately 124°20'W:  the  western  zone  is  char- 
acterized by  north-south  oriented  anomalies 
with  high  amplitude  and  long  wavelength  and 
the  eastern  zone  by  northeast-southwest  oriented 
anomalies  with  lower  amplitude  and  shorter 
wavelength.  Within  both  zones,  small-scale 
faulting  is  indicated  by  the  systematic  dis- 
placement of  the  anomaly  bands.  The  trend  of 
faulting  of  the  magnetic  structures  is  different 
in  the  two  zones,  and  a  given  fault  appears  to 
be  restricted  to  one  of  the  zones  with  the  ex- 
ception of  fault  B,  which  apparently  extends 
west  of  fault  C,  based  on  bathymetric  data  and 
distortion  of  the  double-anomaly  character  of 
anomaly  11.  Even  the  Murray  fracture  zone 
appears  to  terminate  near  the  boundary  of  these 
two  zones. 

The  magnetic  anomaly  lineations  have  been 
numbered  in  accordance  with  the  system  of 
Pitman  et  al.  [1968].  The  easternmost  hnea- 
tion  that  can  be  clearly  identified  between  the 


Pioneer  and  Murray  fracture  zones  is  anomaly 
11.  Anomaly  10,  apparently  forming  the  border 
between  the  two  zones,  loses  its  characteristic 
shape  and  wavelength  as  a  high-amplitude, 
broad,  double  anomaly.  Its  width  and  ampli- 
tude are  reduced  (particularly  north  of  fault 
B  in  Figure  1)  where  the  northeast-southwest- 
trending  anomalies  abut  sharply  against  it. 
South  of  the  Murray  fracture  zone  the  sequence 
is  more  continuous:  anomahes  9,  8,  and  7  are 
present,  followed  by  the  small-amplitude,  short- 
wavelength  anomalies  shown  on  the  standard 
profile  of  Pitman  et  al.  [1968].  Between  the 
Pioneer  and  Murray  fracture  zones,  however, 
the  singular  character  of  the  anomalies  east  of 
anomaly  10  does  not  appear  to  be  associated 
with  the  double-anomaly  character  of  anom- 
alies 9,  8,  and  7.  The  lineations  that  abut  anom- 
aly 10  seem  to  be  intermediate  in  character  be- 
tween the  short-wavelength  anomahes  east  of 
anomaly  7  in  the  northeast  Pacific  and  anom- 
ahes 9,  8,  and  7. 

Data  published  by  Le  Pichon  [1968]  and  by 
Peter  et  al.  [1969]  indicate  that,  in  the  north- 
east Pacific,  one  of  the  reorganizations  in  the 
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direction  of  crustal  spreading  took  place  be- 
tween anomalies  5  and  7.  If  the  anomalous 
magnetic  pattern  between  the  Pioneer  and 
Murray  fracture  zones  is  related  to  a  reorganiza- 
tion of  crustal  spreading,  it  represents  a  devia- 
tion from  the  standard  northeast  Pacific  pat- 
tern as  well  as  from  the  global  magnetic  pat- 
tern. 

Discrepancies  in  the  orderly  succession  of  the 
magnetic  anomalies  were  noted  by  Raff  [1962] 
immediately  south  of  the  Murray  fracture  zone 
and  by  Keller  and  Peter  [1968]  in  the  western 
South  Pacific.  In  the  latter  case  it  was  sug- 
gested that  the  magnetic  pattern  was  influenced 
by  the  possible  extension  of  the  Austral  sea- 
mount  chain.  From  the  data  available,  it  ap- 
pears that,  since  the  discontinuities  occur  in 
different  parts  of  the  magnetic  pattern,  these 
disturbances  reflect  only  the  influence  of  local 
geology,  rather  than  being  related  to  global 
changes  in  sea-floor  spreading.  Between  the 
Pioneer  and  Murray  fracture  zones  the  dis- 
turbed pattern  may  be  related  to  the  reorganiza- 
tion of  the  spreading  pattern  between  anom- 
alies 5  and  7,  but  in  this  particular  area  the 
tectonic  trends  and  forces  that  were  related  to 
the  new  cycle  of  spreading  apparently  dis- 
torted part  of  the  older  crust  (between  anom- 
alies 11  and  7)  that  was  formed  during  the 
previous  spreading  epoch.  A  combination  of  the 
nearness  of  the  continent  and  the  movements 
of  crustal  blocks  may  be  responsible  for  this 
local  tectonic  development.  As  an  explanation, 
one  may  use  the  same  argument  as  McManus 
[1965]  and  Peter  and  Lattimore  [1969],  who 
inferred,  on  the  basis  of  the  similarity  of  the 
structural  trends  on  the  coast  and  in  the  bathy- 
metric  and  magnetic  trends  at  sea,  that  the 
Blanco  fracture  zone  and  the  general  deforma- 
tion of  the  area  off  the  Washington-Oregon 
coast  most  likely  are  related  to  the  late  Tertiary 
coastal  orogeny. 

Fault  B  in  Figure  1  is  in  alignment  with 
numerous  other  left-lateral  faults  onshore.  It 
also  appears  to  offset  the  bathymctric  contour 
lines  [Lattimore  et  al.,  1968]  at  the  base  of  the 
continental  slope  in  a  left-lateral  sense.  From 
these  relationships,  one  may  also  infer  that  the 
late  Tertiary  and  Pleistocene  orogeny  off  the 
California  coast  [Taliafero,  1951;  OakcsJiott, 
1966]  also  affected  the  adjacent  sea  floor  or 
that  the  fault  systems  of  central  California  and 


those  of  the  adjacent  sea  floor  are  related  to  the 
late  Tertiary  tectonic  activity  along  the  East 
Pacific  rise,  which  is  considered  to  be  in  Baja 
California,  southeast  of  this  area. 

Although  some  seamounts  lie  along  the  trend 
of  the  magnetic  expression  of  fault  B  (this  dis- 
placement of  magnetic  anomalies  was  first  noted 
by  Mason  and  Raff,  [1961])  and  although 
minor  left-lateral  offsets  of  the  bottom  contours 
are  evident,  there  is  no  obvious  topographic 
expression  along  faults  A,  C,  and  D.  Seismic 
reflection  data  also  fail  to  provide  reliable 
correlation  with  these  faults.  (Weeks  and  Latti- 
more, in  preparation). 

Faults  C  and  D  appear  to  be  normal  strike- 
slip  faults  that  extend  between  the  major 
fracture  zones.  Fault  B  may  be  a  transform 
fault  [Wilson,  1965],  but,  if  the  short-wave- 
length anomalies  belong  to  a  new  phase  of 
spreading  with  an  original  transform  fault,  there 
is  no  reason  why  anomalies  10  and  11,  which 
presumably  belong  to  an  earlier  spreading 
phase,  should  be  offset.  Since  fault  B  offsets 
both  the  short-wavelength  inshore  anomalies 
and  anomalies  10  and  11,  it  is  probably  another 
strike-slip  fault  caused  by  differential  block 
motion.  By  realigning  anomaly  12  along  fault 
C,  it  is  apparent  that  fault  B  offsets  anomaly  11 
and  apparently  stops  before  it  reaches  anomaly 
12. 

The  fine  representing  fault  A  (Figure  1) 
was  drawn  along  the  approximate  median  of  a 
zone,  which  suggests  both  clear  breaks  and 
gradual  distortion  of  the  anomaly  pattern. 
These  dislocations  of  the  magnetic  lineations 
are  unusual  when  compared  with  normal  dis- 
placements in  the  oceanic  crustal  area.  Because 
the  distortions  of  the  magnetic  lineations  along 
fault  A  are  intermixed  with  clear  offsets  and 
because  the  sense  of  distortion  is  in  agreement 
with  that  expected  where  drag  would  occur 
along  a  left-lateral  strike-slip  fault,  it  is  possible 
that  fault  A  is  another  strike-slip  fault. 

It  is  generally  assumed  that  the  source  of  the 
magnetic  lineations  lies  within  layer  2  of  the 
oceanic  crust.  Considering,  however,  the  lack  of 
correlation  of  the  bathymetry  with  fault  A  and 
the  fact  that  the  sediment  cover  of  this  area 
is  very  thin  (less  than  200  meters,  according 
to  Weeks  and  Lattimore,  in  preparation), 
either  the  offsets  occurred  before  the  deposition 
of  the  sediments,  or  the  primary  source  of  the 
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magnetic  lineations  lies  in  the  deeper  part  of  the 
crust,  as  suggested  by  Peter  and  Lattimore 
[1969].  In  the  latter  case,  offsets  of  the  mag- 
netic anomahes  do  not  necessarily  reflect  the 
offsets  of  the  entire  crustal  column,  and  small 
offsets  may  not  even  reach  to  the  top  of  layer  2. 
The  deeper  offset  of  the  'magnetic  crust'  may 
be  compensated  along  horizontal  shear  planes 
within  the  upper  parts  of  the  crust.  The  com- 
bination of  offsets  and  distortions  of  the  mag- 
netic lineations  may  represent  the  manifesta- 
tion of  this  proposed  compensation. 
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ABSTRACT 

A  core  sciiitill.ilion  counter  which  measures  transmitted  gamma  radiation  was  applied  lo  determine  wet  bulk 
density  of  cores  of  marine  sediment  sealed  in  plastic  liners.  A  preliminary  evaluation  indicates  that  two  principle 
problems  affecting  accuracy  of  the  bulk  density  determination  are:  (1)  The  radioactive  source  emits  random 
radiations,  which  must  be  treated  statistically  to  determine  the  dependence  of  counting  accuracy  on  number  of 
coimts.  (2)  The  Compton  mass  attenuation  coefficient,  which  must  be  known  in  order  to  calculate  densit\'  from 
scintillation  counts,  varies  significanti)'  with  sediment  composition  and  water  content. 


INTRODUCTION 

A  core  scintillation  counter,  similar  in  princi- 
ple to  that  described  by  Evans  (1965),  was 
evaluated  for  the  measurement  of  bulk  density 
in  water-saturated  cores  of  marine  sediment 
contained  within  plastic  liners  (lig.  1).  The  core 
scintillation  counter  is  a  device  which  measures 
the  transmission  of  radiation  from  a  controlled 
radiogenic  source  (cesium'^')  through  a  sediment 
core;  bulk  density  of  the  sediment  is  deri\ed  by 
counting  radiation  that  has  passed  through  the 
core.  The  transmission  inethod  has  been  used 
with  soils  (Vomocil,  1954;  Bernhard  and  Chasek, 
1955;  van  Bavel,  et  al.,  1957),  rock  cores  (Harms 
and  Choquette,  1965;  Evans,  1965),  and  uncon- 
solidated sediment  (McHcnrv  and  Dendy,  1964; 
Wilson,  1967;  Preiss,  1968).  ' 

This  pa]:)er  outlines  some  preliminary  findings 
in  the  ajiiilication  of  the  core  scintillation  count- 
er to  bulk  density  determination  in  marine 
sediment,  which  we  did  not  find  adeciuately  de- 
veloped in  the  literature.  In  i)articidar,  the 
paper  considers  two  problems: 

1.  Statistical  limitations  inherent  in  the  data 
owing  to  the  random  nature  of  the  radioactixe 
source. 

2.  Variations   in   ComiJton    mass   attenuation 
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coefficients     (ju)     of     different     sediment-water 
mixtures. 

STATISTICAL  LIMITATIONS  IMPOSED  BY 

RANDOM  RADIOACTIVE  SOURCE 

Principle 

The  core  scintillation  counter  e\aluated 
herein  is  similar  in  principle  to  that  described  by 
Evans  (1965).  In  operation,  a  core  of  water- 
saturated  marine  sediment  inside  a  sealed  plastic 
liner  is  placed  between  a  radioacti\e  source 
(Cs'",  gamma-ray  energ\'  le\el  0.66  me\)  and  a 
scintillator  (fig.  1).  Each  gamma  ra\'  that  passes 
through  the  sediment  core  and  strikes  the  scin- 
tillator causes  a  flash  of  light.  The  flash  of  light 
is  detected  by  a  photomultiplier.  The  output  of 
the  photomultiplier  is  amplified,  detected,  and 
counted  for  a  fixed  time  inter\al.  The  number  of 
counts  is  related  to  the  densit\'  of  the  core  ma- 
terial. 

Because  the  gamma-ra\"  output  from  the 
radioactixe  source  is  random,  the  data  obtained 
are  subject  to  the  statistical  limitations  inherent 
in  any  random-sampling  process.  Because  the 
sampling  (counting)  period  is  long  relati\e  to 
the  duration  of  any  one  event  (one  gamma  ray), 
and  the  events  are  independent  of  each  other, 
gamma  ra\s  emitted  from  the  radioacti\e  source 
can  be  represented  by  a  Poisson  distribution 
(Laning  iS:  Battin,  1956). 

For  the  discrote  Poisson  distribution  the  stan- 
dard   de\  iation    c    is    \'m,    in    which    w  =  \'T. 

w/=A\eragc  number  ot  e\ents 

r=Ratc  at  which  the  events  occur  utumber 

of  counts  sec) 
7"=Intor\al  of  time  measurement  tsec.) 

When  the  number  of  discrete  samplings  taken 
for  purposes  of  averaging  is  large,  the  distribu- 
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Fig.  1. — Schematic  diagram  of  the  core  scintillation  coimter.  Gamma  rays  from  a  cesium"^  source  pass 
through  core  sample  in  plastic  liner  tube,  are  received  by  a  sodium-iodide  crystal  and  photomultiplier  tube,  and 
are  displayed  on  the  scaler.  Sample  attenuates  gamma  rays  according  to  the  bulk  density  of  solid  and  fluid 
phases  present. 


tion  may  be  approximated  by  the  normal  or 
Gaussian  distribution  having  the  same  mean 
and  variance. 

For  any  sampling  process  that  is  approxi- 
mated by  a  Gaussian  distribution  there  is  the 
probability  that  an  error  greater  than  one  stan- 
dard deviation  will  occur  for  approximately 
32%  of  the  data.  In  terms  of  the  scintillation 
counter,  this  means  that  for  a  given  number  of 
counting  periods  in  a  homogeneous  material, 
approximately  two-thirds  of  the  counts  will  be 
within  one  standard  deviation  of  the  average 
value,  and  one-third  of  the  counts  will  be  greater 
than  a  standard  deviation. 

Experimental  Verification 

To  verify  experimentally  the  limitations  im- 
posed by  the  random  sampling  process,  several 
homogeneous  materials  were  scanned  by  the 
scintillation  counter.  Each  sample  material  was 
6.31  cm  in  diameter.  Twenty  counting  intervals 
of  10-sec  duration  each  were  used  for  each 
sample. 

The  following  data  were  tabulated  for  each 
material:  (1)  average  value  of  the  counts  for  the 
20  intervals,  and  (2)  percent  deviation  from  the 
average  for  each  interval. 


A  curve  of  percent  deviation  vs.  the  number 
of  counts  obtained  for  each  interval  was  then 
plotted  (fig.  2).  From  this  information  it  is  now 
possible  to  observe  the  effects  of  random  sam- 
pling and  the  resolution  capabilities  of  the 
system. 

In  Table  1  it  is  seen  that  the  average  number 
of  counts  obtained  for  an  air  sample  is  approxi- 
mately 17,317.  The  standard  deviation  ex- 
pected for  this  discrete  sampling  is 

v/17310  =  +  131  counts. 

The    variation    from    the    average  =131    (100)/ 
17310^0.75%. 

If  many  points  are  plotted  to  obtain  a  con- 
tinuous distribution  and  if  a  Gaussian  distribu- 
tion applies,  then  approximately  two-thirds  of 
the  data  should  be  within  a  standard  deviation 
or  within  0.75%  for  the  air  sample.  Thus,  for 
the  air  sample  approximately  two-thirds  of  20 
or  about  13  or  14  points  should  have  a  deviation 
of  0.75%  or  less.  The  same  applies  for  samples 
other  than  air  which  are  listed  in  Table  1  and 
presented  in  figure  2.  The  close  agreement  be- 
tween the  expected  and  observed  numbers  of 
points  experimentally  verifies  the  probability 
model  and  demonstrates  that  the  distribution  is 
near  Gaussian. 
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Fig.  2. 


-Number  of  counts  measured  on  the  core  scintillation  counter  is  plotted  against  percent  deviation 
from  the  average  for  each  counting  interval  for  samples  of  different  density. 


Counting  Accuracy 
The  counting  accuracy  of  the  core  scintillation 
counter,   in   percent  deviation   from   the   mean 
number  of  counts  for  a  given  sample,   can  be 


improved  by  increasing  the  sampling  period  or 
by  taking  a  greater  number  of  samples.  For  the 
Gaussian  process  the  number  of  counts  is  withio 
±i(x  of  the  mean  count  99.5^^1  of  the  time  (ITT 


Table  1. —  Variations  in  number  of  counts  from  different  materials 


Material 


..  Polv-  Poly-         r 

Air  .,    1  ^  Lpoxy 

ethylene     styrene  ^     ^ 


Lucite 


P\C 


DelRin 


Stvcast 
1210 


*  Average  Value  (N) 

17317 

10581 

10280 

9651 

9577 

9034 

8467 

8212 

Std.  Deviation  (VN) 

131 

102.5 

101 

98 

97.7 

95 

92 

90.6 

%  Std.  Deviation 

(VN(100)/N)  expected 
No.  of  Points 

0 .  75 
14 

0.97 
14 

0.984 
14 

1.015 
14 

1.02 
14 

1.05 
14 

1.00 

14 

1 .1 
14 

>VN(100)/N  observed 
Specilic  Gravity 

13 

14 
0.92 

14 
6         1.02 

n 
i.io 

15 
l.lo 

15 
1.35 

10 

1.43 

13 
1.52 

*  Taken  for  20  observations. 
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Data,  1961).  If  the  counting  accuracy  desired  is 
to  be  +x  percent  of  the  mean  value  and  if  this 
accuracy  is  to  include  almost  all  the  possible 
statistical  variations  expected,  then  the  follow- 
ing equations  apply: 

i<r  =  xin 


3\/m  =  xm 

where 

m  =  mean  value  of  counts 

.v=  percent  deviation  from  m 

o-  =  std.  deviation  =  Vm- 
For  example,  to  insure  1  percent  accuracy  99.5% 
of  the  time  (3(7  o(  the  counts)  requires  that  the 
approximate  number  of  counts  to  be  taken 
through  a  core  section  equal  9/(0.01)^  =  90,000. 
Thus  a  minimum  of  90,000  counts  is  required  to 
insure  a  1  percent  accuracy  99.5%  of  the  time. 
Table  2  shows  the  number  of  counts  required  to 
obtain  difTerent  percentages  of  deviation  about 
the  mean  value  m  99.5%  of  the  time. 

Resolution  of  Densities 

Consider  now  the  problem  of  deciding  if  the 
difference  between  two  counts  is  statistically 
significant.  Following  our  consideration  of  count- 
ing accuracy,  the  simplest  method  is  to  compare 
the  difference  between  the  two  counts  with  the 
square  root  of  each  count.  If  the  difference  ex- 
ceeds three  times  the  square  root  of  the  count, 
then  a  difference  actually  exists  or  a  rare  event 
has  occurred. 

For  example,  let  us  assume  that  1%  counting 
accuracy  is  desired  and  that  approximately 
10,000  counts  occur  during  one  counting  inter- 
val. For  1  percent  accuracy  we  must  obtain  the 
sum  of  nine  counting  intervals  or  approximately 
90,000  counts.  The  expected  deviation  for  the 
accuracy  we  desire  =  \/90,000=  +300  counts. 
Note  that  10,000  =  3%  accuracy.  We  require 
3(x  to  locate  99.5%  of  the  points,  =3(300) 
=  (900).  If  the  number  of  counts  in  an  adjacent 
section  of  the  core  is  90,900  the  difference  is  900 


Table   2. — Minimum  number  of  counts  required  for 
specified  accuracy  99.5  percent  of  the  time 


Accuracy  (percent 

deviation  from  the 

mean  number  of 

counts  for  ±3(r) 


Minimum  Number 
of  Counts 


1 

90,000 

2 

22,500 

3 

10,000 

4 

5,630 

5 

3,600 

counts  and  there  is  more  than  a  99.5%,  chance 
that  a  significant  difference  exists.  A  review  of 
figure  2  and  Table  1  indicates  the  degree  of 
separation  that  was  obtained  for  various  mate- 
rials using  only  3%  accuracy  (approximately 
10,000  counts  for  each  point). 

If  the  curves  of  figure  2  are  Interpolated  to- 
ward the  3  percent  deviation  line,  it  is  observed 
that  two  different  materials,  PVC  (density  1.35) 
and  Stycast  (density  1.52)  may  easily  be  re- 
solved with  3%  accuracy  and  still  account  for 
approximately  99.5%  of  the  total  points  taken. 
It  is  also  seen  that  the  separation  of  DelRin 
(1.43)  and  Stycast  (1.52)  can  be  resolved  to 
within  1%  of  their  mean  values  but  this  separa- 
tion can  only  be  "guaranteed"  for  two  out  of 
three  samples  or  for  approximately  66^(  of  the 
total  points  taken. 

Thus  it  is  seen  that  the  question  of  resolution 
of  materials  depends  on  the  number  of  counts 
taken  in  each  sample.  The  closer  the  densities 
of  adjacent  materials,  the  greater  the  number  of 
counts  that  must  be  taken  to  insure  a  given 
accuracy. 

VARIATION  IN  COMPTON  MASS 
ATTENUATION  COEFFICIENTS 

Evaluation  of  Data 
The  number  of  counts  is  related  to  the  density 
by  the  following  equation: 


1  ,      N, 

p  =  —  Ln 

fjd         N 


(1) 


where 

p  =  density  (gm/cm') 

/x  =  Compton    mass    attenuation    coefificient 

(cm^  gm~0 
c?=  thickness  of  material  (cm) 
A'^o=  number  of  counts  in  air  or  water  (refer- 
ence) 
7V=  number  of  counts  obtained  for  a  given 

material. 
In  order  to  utilize  Eq.  (1)  it  is  necessary  that 
the  Compton  mass  attenuation  coefficient  n 
remain  reasonably  constant  for  the  various  ma- 
terials to  be  scanned,  or  that  we  know  which 
value  of  n  to  use. 

The  Compton  mass  attenuation  coefficient, 
which  depends  on  the  gamma-ray  energy  and 
the  nature  of  the  absorber,  is  (Evans,  1965) 


IX  =  (Tc  —  A^(cm^  gm  ') 
,4 


(2) 


where 

cre  =  average    collision    cross    section    in    cm^/ 

electron  (energy  dependent) 
A'^=  number  of  atoms/mole   in    the   absorber 
A  =  atomic  weight  of  the  absorber  in  gm/mole 
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/  — iiiiiubcr  ol  c'lfcdiins  atimi  (.ilomic  num- 
ber) 

The  work  done  by  Evans  (1965)  indicates  that 
many  homogeneous  rock  specimens  exhibit  a 
reasonably  constant  Compton  mass  attenuation 
coefficient  for  the  constant  gamma-ray  energy 
level  of  the  Cs'^''  source  used.  However,  this  may 
not  be  the  case  for  cores  taken  at  sea  where  the 
relative  proportions  of  different  sediment  com- 
positions and  water  content  vary.  Values  from 
Evans  (1965)  indicate  about  a  4%  variation  in  /x 
related  to  the  composition  of  common  minerals: 


Mineral 

M 

Quartz 

{).()74 

Feldspar 

0,074 

Shale  (Clav) 

0.076 

Limestone 

0.077 

Some  trial  calculations  are  presented  to  show 
the  variation  in  \x  for  different  mi.xtures  of  silicon 
and  water.  The  mass  attenuation  coefficient  for 
water  (Evans,  1965)  at  an  energy  level  of  0.66 
mev  (Compton  effect  region)  is  approximately 
0.082  cm'Vgm.  The  Compton  mass  attenuation 
coefficient  for  silicon  was  obtained  by  interpola- 
tion using  the  Compton  mass  attenuation  co- 
efficient of  a  nearby  element  and  the  relation- 
shi|i: 

0.0695 


.4, 


i^-i 


^1   Zi 


where 

Z  =  Atomic  number 

A  =  Atomic  weight 

M2  =  0.078  for  A!  (Evans,  1965). 
Assuming  a  homogeneous  mixture  of  water  and 
silicon,  the  overall  Compton  mass  attenuation 
coefficient  ^t^  for  a  mixture  is  given  by 

where  m  and  w  are  the  Compton  mass  attenua- 
tion coefficient  and  fraction  by  weight,  respec- 
tively, of  those  elements  that  make  up  the  mix- 
ture. 


Fhc  calculated  \'ariatioii  in  fdinptDn  mass 
attenuation  coefficients  for  a  C(jre  uf  silicon  and 
water  (fresh)  whose  water  content  varies  25%, 
50%  and  65%  by  weight  of  the  total  {li%, 
100%,  185%  water  content  to  dry  weight)  is  as 
follows: 

25%H20  7S%SiMrnix  =  0.082(0.25)  +  0.0695(0.75) 

=  0.0726 
50%H2O50%  Si^,,,;^  =  0.082rO,5)  +  0.0695(0.5; 

=  0.0758 
65%H20  35%  Si/xmix  =  0.082(0.65)  +  0.0695(0.35) 

=  0.0776 

The  calculations  indicate  that  a  40%  variation 
in  water  content  by  weight  of  the  total  (152% 
variation  in  water  content  to  dry  weight)  in  a 
water-silicon  mixture  will  produce  a  6.5^"^  varia- 
tion in  \i.  Actual  measurements  of  water  content 
by  percent  of  dry  weight  in  the  upper  14  cm  of 
22  marine  sediment  cores  by  Richards  (1962, 
Table  3)  range  between  about  40%  and  175%. 
Variation  of  water  content  along  the  length  of  a 
core  may  be  nonlinear.  Richards  and  Keller 
(1962)  show  a  75%,  variation  of  water  content  to 
dry  weight  along  the  3  meter  length  of  one  core 
related  to  changes  of  sediment  particle  size. 
The  variation  in  \i  with  water  content  is 
largely  determined  by  the  amount  of  hydrogen 
present.  For  most  elements  which  have  protons 
and  neutrons /Li  is  roughly  independent  of  atomic 
number  Z  because  ZIA  -0.45  ±0.05  (Chappell, 
1956;  Berry,  1961).  For  hydrogen  which  has  one 
proton  and  one  electron  but  lacks  a  neutron 
Zi'A  =1.  The  difference,  in  Z  .1  between  h\dro- 
gen  and  most  other  elements  significantly  atTects 
the  \'alue  of  m  in  Eq.  (2). 

Limitations  of  a  Calibration  Curve 

The  construction  of  a  calibration  curve  using 
various  materials  to  determine  No/N  and  the 
directly  measured  densities  (mass  volume)  of 
these  same  materials  can  introduce  serious 
errors. 


Table  3. — Table  of  densities  {gm  cm~^) 


Material 


Directh' 
Measured* 


Handbook  ol 
Chemistry 
and  Physics 


Dnpont 

PolNcheniicals 

Dept. 


Alcoa 


Polyethylene 

Pohst>Tene 

Nylon' 

Lucite 

Polyviiiyichloride 

Teflon 

Magnesium 

Aluminum  (6061) 

Titanium 


0.926 

0.92 

1.02 

1.06 

1.12 

1.09-1.14 

1.16 

1.16-1.2 

1.19 

1.35 

1.2-1.7 

1.33-1.36   1 

2.16 

2.1-2.3 

2.14-2.15 

1.69 

1.79-1.83 

1.81 

2.65 

4.63 

4.5 

39 


2.702 


These  values  were  used  for  plotting  figure  3. 
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Table  4 


1.27  cn- 

thick 

6.31  cm  thick 

Directly  measured 

Material 

density  gm  cm~' 

Average 

No/N 

Average 

No/N 

from  Table  3 

Air 

15938 

1 

15771 

1 

Polyethylene 

14460 

1.102 

9787 

1.61 

0.93 

Lucite 

14174 

1.125 

8883 

1.775 

1.16 

PVC 

14087 

1.131 

8319 

1.895 

1.35 

Magnesium 

13534 

1.178 

7099 

2  .22 

1.69 

Teflon 

13239 

1.205 

6032 

2.218 

2.16 

Aluminum 

12580 

1.27 

4736 

i.ii 

2.65 

Titanium 

10787 

1.48 

2068 

7.61 

4.63 

A  "calibration  curve"  was  prepared  using 
various  homogeneous  materials.  Density  (mass/ 
volume)  was  directly  measured  and  compared 
against  some  published  values  as  indicated  in 
Table  3.  These  same  materials  were  examined 
by  the  core  scintillation  counter  and  values  of 
No/N  determined  for  each  sample.  The  data  are 
tabulated  in  Table  4  and  plotted  in  figure  3. 

Equation  (1)  will  yield  a  line  with  slope 
Ay/Ax=l/fid  when  density  (P)  vs.  No/N  is 
plotted.  Thus,  by  measuring  Ay/Ax,  it  is  possi- 
ble to  determine  jU  if  d  is  constant  by  solving  for 
fj,  as  follows: 

_  Ax     1 
When  No/N  vs.  p  was  plotted  on  a  semilog 


graph  a  straight  line  resulted  (fig.  3)  which 
means  that  the  slope  is  not  constant.  Because 
the  diameters  of  the  sample  materials  were  con- 
stant the  variation  in  slope  is  attributed  to  vari- 
ations in  the  Compton  mass  attenuation  co- 
efficient (fi)  of  the  various  samples  used. 

For  example,   the  slope  Ay/Ax  about   No/N 
=  2  in  figure  3  is  approximately 

1.57  -  1.35  ,     , 

=  2.2  srm/cm'. 

In  2.1  -  In  1,9 

The  diameter  of  the  core  was  6.35  cm;  fx  evalu- 
ated about  the  point  No/N  =2  is  as  follows: 


Ax 

Av 


1 


1 


0.0716  gm/cm^. 


2.2  gm/cm'(0.35  cm) 
By  the  same  procedure  the  mass  attenuation  co- 


rn 

E 
u 


o> 


W3 


1.27cm 


2  — 


6.31cm 


I  2  3456789 

Nq/N 

Fig.  3. — Two  calibration  curves  are  constructed  by  plotting  number  of  counts  measured  by  the  core  scintilla- 
tion counter  against  independently  known  densities  of  six  samples  in  1.27  cm  and  6.31  cm  diameters. 
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CORE  INCREASING 


LITHOLOQIC 
BOUNDARIES 


REFERENCE 
AIR   /  PLASTIC 

I 
0 


DENSITY 


30- 


lO-i 


*1^ 


20- 


30- 


40- 


Fig.  4. —  Representative  analog  printout  from  the  core  scintillation  counter  along  a  photograph  of  the  cor- 
responding sediment  core.  Bulk  densit\-  transitions  in  the  core  detected  b>'  the  core  scintillation  counter  are 
indicated  at  A,  B,  C,  D,  E,  F.  Lithologic  boundaries  are  also  indicated.  The  magnitude  of  total  statistical 
variation  attributable  to  the  random  nature  of  the  radioactive  source  is  shown  {3<t). 


efficient  fi  c\-aluated  about  the  point  No/N  =  i 
is  as  follows: 


Ax     1 
Av   ~d 


In  4.15  -  In  3.85 


(3.22 
=  0.0656  gm/cm'-. 


3. 04)  (6.35  cm) 


0.0750 
0T8(6J5)' 


Thus  it  is  seen  that  the  mass  attenuation  co- 
efficients of  materials  used  to  construct  the 
sample  calibration  curve  vary.  The  use  of  a 
calibration  curve  of  this  type  implies  one  vari- 
able, a  variation  in  density,  with  fi  and  d  con- 
stant so  that  a  unique  No/N  is  associated  with  a 
unique  density.  Use  of  a  calibration  curve 
where  both  /x  and  No/N  vary  as  in  the  sample 


calibration  curve  will  introduce  unknown  errors 
in  the  determination  of  density. 

Use  of  a  calibration  curve  constructed  from 
materials  of  known  density  to  determine  un- 
known densities  from  measurement  of  No/N 
is  limited  by  the  following  conditions:  (1)  diam- 
eter (/  of  the  core  to  be  measured  should  not  \ary 
(2)  Compton  mass  attenuation  coefficient  fi  of 
the  core  to  be  measured  should  remain  reason- 
ably constant,  and  (3)  Compton  mass  attenua- 
tion coefficient  /x  of  the  samples  used  to  con- 
struct the  calibration  curve  should  be  similar 
in  value  to  those  to  be  measured  because  the 
density  is  dependent  on  both  n  and  No.  N  which 
may  \ar>-  independently. 
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Measjirement  of  Density  with  Assumed  Constant 
Compton  Attenuation  Coefficient 

Recognizing  that  n  varies  as  a  function  of 
sediment  composition  and  water  content,  it  re- 
mains impractical  to  determine  a  separate  n  for 
each  sediment  core  or  sample  within  a  core. 
Therefore,  we  made  a  series  of  core  scintillation 
counter  measurements  on  which  we  assumed  a 
constant  ju  in  solving  Eq.  (1). 

The  cores  were  scanned  to  simultaneously  ob- 
tain a  printed  readout  and  the  analog  record  of 
the  gamma  energy  passing  through  the  core 
(fig.  4).  A  scan  rate  of  45  mm/min  was  selected 
to  obtain  the  optimum  overlap  for  the  size  of 
the  source/detector  aperture  and  the  count  rate. 
The  scan  rate  was  sufficiently  slow  to  avoid 
crossing  a  possible  density  horizon  without  de- 
tection. At  sections  along  the  core,  where  possi- 
ble changes  were  indicated  by  a  sudden  change 
in  the  count  rate,  a  notation  was  made  on  the 
core  and  the  analog  record.  These  points  are 
shown  as  distinct  deflections  representing  either 
a  statistical  variation  inherent  in  the  energy 
source  or  a  discrete  density  horizon  within  the 
sedimentary  column  (fig.  4). 

To  verify  these  changes  in  the  count  ratio 
and  to  establish  a  99.5%  certainty  that  these 
points  were  within  the  1%  accuracy,  a  long 
count  rate  was  made  at  each  of  the  observed 
deflections.  For  the  No/N  ratio  or  the  counts 
ratio,  20  counting  intervals  each  of  approxi- 
mately 10-sec  duration  were  taken  through  the 
air  in  the  plastic  core  holder  above  the  water 
sediment  interface.  This  scan  established  the 
count  rate  of  the  energy  source  for  a  given  time 
period  and  served  as  a  calibration  for  each  par- 
ticular core.  The  subsequent  scan  down  the  core 
is  normalized  to  this  count  for  the  density 
calculation. 

To  calculate  bulk  density  from  Eq.  (1),  a 
Compton  mass  attenuation  coefficient  jj.  as  de- 
scribed by  Evans  (1965)  was  assumed.  This  ju, 
which  depends  upon  the  gamma-ray  energy  and 
the  nature  of  the  absorber,  is  assumed  to  remain 
constant  for  typical  geologic  materials  present 
in  deep  sea  cores.  These  calculations  yielded  the 
results  indicated  in  Table  5. 

Comparison  of  Core  Scintillation   Counter  Bulk 

Density  with  Directly  Measured  Bulk 

Density 

Direct  density  measurements  were  made  at 
intervals  in  the  cores  corresponding  to  the  core 
scintillation  counter  (n  assumed)  measurements 
as  an  independent  check  of  accuracy.  The  cores 
were  split  longitudinally  and  samples  were  ex- 
tracted using  a  20  cm^  syringe  at  the  points  of 
deflection  noted  in  the  core  scintillation  counter 
analog    record.    The    volume    of    the    extracted 


sample  could  be  read  to  about  ±0.5  cm^  on  the 
syringe.  The  samples  were  immediately  weighed 
on  a  Mettler  analytical  balance  to  determine 
wet  bulk  density  (Lambe,  1951).  We  estimate 
errors  in  volume  determination  up  to  about  10% 
as  a  result  of  such  factors  as  the  presence  of 
voids  and  the  small  volume  sampled. 

Discrepancies  in  wet  bulk  density  as  great  as 
about  0.1  gm  cm""'  (  +  6%,)  were  found  between 
core  scintillation  counter  (n  assumed)  and  direct 
density  measurements  (Table  5).  The  discrepan- 
cies in  density  are  the  same  magnitude  as  the 
inaccuracies  in  measurement  of  sediment  vol- 
umes used  in  the  direct  density  determinations. 
To  compare  directly  measured  density  with  core 
scintillation  counter  sediment  bulk  density,  the 
accuracy  of  the  direct  measurements  must  be 
improved. 

Calculation  of  Mass  Attenuation  Coefficient  from 
Direct  Density  Measurement 

An  attempt  was  made  to  calculate  inde- 
pendently the  Compton  mass  attenuation  co- 
efficient (/x)  for  each  sample  by  substituting  the 
directly  measured  density  and  the  corresponding 
measured  ratio  No/N  in  Eq.  (1)  and  solving  for 
ji  (Table  5).  The  Compton  mass  attenuation  co- 
efficient in)  derived  by  this  method  A-aries  up  to 
about  +0.010  cm^  gm~^  (±3%)  from  the  fj.  as- 
sumed after  Evans  (1965).  The  discrepancy 
between  the  calculated  and  assumed  values  of  n 
may  be  attributed  to  real  variations  in  sedi- 
ment composition  and  water  content  in  the  sedi- 
ment core.  Our  direct  density  determinations  are 
not  sufficiently  accurate  to  unambiguously  de- 
termine the  variations  in  n  which  we  know  to 
exist  from  considerations  of  variations  in  com- 
position and  water  content. 

SUMMARY 

A  preliminary  evaluation  was  made  of  two 
problems  encountered  in  the  application  of  a 
core  scintillation  counter  to  determine  wet  bulk 
density  in  marine  sediment  cores. 

A  relationship  was  derived  between  the  num- 
ber of  scintillation  counts  obtained  in  a  given 
material  and  resolution  of  densities  between 
adjacent  materials.  Resolution  between  differ- 
ent materials  depends  on  the  number  of  scintil- 
lation counts  taken  (fig.  2;  Table  2).  The  statisti- 
cal deviation  of  counts  about  the  mean  value  is 
inversely  proportional  to  the  number  of  counts. 

In  order  to  calculate  bulk  density  from  core 
scintillation  counter  measurements,  the  Comp- 
ton mass  attenuation  coefficient  fj,  of  the  sample 
material  measured  must  be  known.  In  wet  ma- 
rine sediment  cores  nonlinear  variations  in 
water  content  as  much  as  152%  of  dry  weight 
along  the  length  of  the  core  will  result  in  about 
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ABSTRACT 

Thirty-nine  newly  reduced  gravity  stations  are  incorporated  with  other  pubhshed  and 
unpubhshed  data  to  produce  a  Pratt-Hayford  isostatic  gravity  map  of  the  Antilles  Islands  and 
Venezuelan  Basin.  Negative  and  Positive  isostatic  anomaly  belts  of  the  West  Indies  island  arc  are 
delineated. 


INTRODUCTION 

The  historical  development  of  the  theory  of  isostasy 
and  descriptions  of  diverse  isostatic  hypotheses  are  present- 
ed by  a  number  of  authors  (Lyustikh,  1957,  Heiskanen 
and  Vening  Meinesz,  1958).  The  two  most  prominent 
hypotheses  are  those  of  Airy  and  Pratt.  A  modification  of 
the  latter  by  Hayford  and  Bowie  (1912)  is  the  basis  for 
the  Pratt-Hayford  system  of  isostatic  reduction  and  that 
which  is  discussed  here. 

The  Pratt-Hayford  hypothesis  assumes  that  topography 
projecting  above  sea  level  has  material  of  relatively  low 
density  lying  directly  below  it;  the  higher  the  surface,  the 
lower  the  density.  The  reverse  holds  true  for  the  oceans; 
the  deeper  the  basin,  the  greater  the  density  of  the 
underlying  material.  Complete  equilibrium  (depth  of 
compensation)  exists  at  some  uniform  depth  measured 
from  the  soHd  surface.  The  depth  of  compensation 
assumed  for  the  computations  of  isostatic  reductions  in 
the  present  paper  is  113.7  km. 

PartiaOy  formulated  on  exiguous  gravity  information, 
varying  hypotheses  have  been  proposed  by  a  number  of 
authors  (Vening  Meinesz  et  al.,  1934;  Hess,  1938;  Ewing 
and  Worzel,  1954;  and  Lagaay,  1968)  to  explain  the 
origin  of  the  West  Indies  island  arc  (Fig.  1).  The  isostatic 
reduction  of  thirty-nine  additional  gravity  stations  by  the 
authors  (Table  I)  provides  data  to  supplement  existing 
anomalies  for  the  compilation  of  an  isostatic  gravity  map 
of  the  Antilles  Islands  and  Venezuelan  Basin  (Fig.  2). 


METHODS 

Mean  estimates  of  topography  and  bathymetry  were 
made  from  the  latest  available  charts  of  the  area  using 
templates  based  on  the  tables  of  Hayford  and  Bowie 
(1912).  A  three  per  cent  scale  agreement  was  maintained 
between  templates  and  chart  reading  areas. 

Compensation  and  topographic  corrections  for  land 
compartments,  zones  A  thru  0,  were  taken  from  Hayford 
and  Bowie  (1912).  Special  topographic  and  compensation 
reduction  tables  for  sea  stations  (Swick,  1942)  were  used 
to  make  corrections  for  bathymetric  readings  in  zones  A 
thru  0.  To  avoid  cumulative  errors  due  to  large  depth 
variations,  these  corrections  were  tabulated  by 
compartment  in  units  of  10"^ cm/sec^.  Corrections  for 
numbered  zones  18  thru  11  were  obtained  according  to 
procedures  described  by  Swick  (1942).  Numbered  tones 
10    thru     1     were     corrected     by     interpolations    from 


topographic-isostatic  world  maps  (Heiskanen  and  Nuotio, 
1938).  When  permissable,  interpolated  corrections  from 
nearby  stations  were  used  for  distant  zones  (Swick, 
1942). 

No  corrections  were  applied  for  the  gravitational  effect 
of  the  relatively  thin  mass  between  the  spheroid  and 
geoid;  this  indirect  effect  is  comparatively  small, 
especially  in  ocean  areas  (Lambert,  1966). 

Total  isostatic  corrections  were  computed  in  units  of 
10  cm/sec^,  but  final  gravity  anomaly  values  are  rounded 
to  the  nearest  milligal  (Table  I). 

Accuracy  estimate  of  the  corrections  to  theoretical 
gravity  for  the  effects  of  topography  and  compensation  is 
difficult  to  make.  Template  readings  of  mean  bathymetry 
and/or  topography  are  complicated  by  uncertainties  in 
station  positioning,  scale,  quahty  of  available  charts,  and 
human  error.  Other  possible  sources  of  error  are  in  the 
acceptance  of  the  assumed  mean  surface  density,  the 
depth  of  compensation,  and  the  interpolations  of  cor- 
rections for  distant  zones  to  the  antipodes.  Assuming  a 
density  of  2.67  gm/cm''  and  a  compensation  depth  of 
113.7  km  (Hayford  and  Bowie,  1912),  the  Pratt-Hayford 
corrections  appearing  in  Table  I  have  a  probable  error  of 
±  2  milligals. 

SUMMARY 

The  theory  of  isostasy  is  accepted  by  most  scientists, 
but  no  one  system  of  isostatic  reduction  has  been 
adopted.  Although  the  Pratt-Hayford  system  of  isostatic 
reduction  is  not  universally  accepted,  a  great  number  of 
gravity  observations  in  the  Caribbean  region  have  been 
reduced  by  this  classical  method.  The  anomalies  appearing 
on  the  gravity  map  (Fig.  2)  incorporate  these  data  with 
additional  stations  isostatically  reduced  by  the  authors. 
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Abstract — Trincomalee  and  associated  canyons  conform  to  Ceylon's  geological  structure.  Trinco- 
malee Canyon  crosses  the  insular  shelf  and  slope  with  a  general  northeast  trend  similar  to  the  strike 
of  charnockite-khondalite  series  found  on  the  island.  Deviations  in  the  canyon's  strike  result  from 
joint  planes  and  tectonic  deformation.  Two  secondary  canyons  which  also  trend  northeast  align 
with  north  and  south  contact  zones  of  Wanni  gneisses  and  charnockite-khondalites. 

INTRODUCTION 

As  PART  of  the  1964  International  Indian  Ocean  Expedition,  the  USC  &  GSS  Pioneer  conducted  a 
detailed  bathymetric  and  geophysical  survey  over  Trincomalee  and  two  associated  canyons  (Fig.  1). 
Trincomalee  Canyon  was  first  noted  in  1908  when  Somerville  discussed  several  deep  and  narrow 
notches  in  the  submarine  plateau  off  the  east  coast  of  Ceylon  (Adams,  1929a).  Shepard  (1963) 
published  an  inshore  bathymetric  map  and  described  a  branching,  rock-walled  canyon  with  heads  in 
Trincomalee  Harbor  and  Koddiyar  Bay.  Data  collected  by  the  Pioneer  in  1964  were  used  by  Shepard 
and  Dill  (1966)  to  expand  Shepard's  earlier  compilation. 

GEOLOGY 

Rocks  of  the  Koddiyar  Bay  area  (Fig.  2)  consist  of  biotite  gneiss  basement  rock  overlain  by 
charnockite-khondalite  series  and  Wamii  gneisses.  Khondalites  are  metamorphic  rocks  that  have 
been  intruded  by  charnockites.  The  younger  Wanni  gneisses  outcrop  both  northwest  and  southeast 
of  the  charnockite-khondalite  series.  Adams  (1929a,  b)  and  Coates  (1935)  place  the  Wanni  gneiss 
and  charnockite-khondalite  ages  as  Early  Precambrian.  Afanassvev,  Borisovich  and  Shanin  (1964) 
reported  K-Ar  whole  rock  ages  approximating  800  million  years  for  charnockites  on  Ceylon,  but 
Aswathanarayana  (1968)  substantiates  the  Early  Precambrian.  Using  Rb-Sr  methods,  he  dates 
one  group  of  charnockites  as  older  than  2100  million  years  and  mentions  a  younger  group  (1660 
±  250  million  years). 

In  the  vicinity  of  Koddiyar  Bay,  Wanni  gneiss  and  charnockite-khondalite  formations  strike 
northeast  with  strong  evidence  of  folding.  According  to  Coates  (1935)  a  road  between  the  towns  of 
Nilaveli  and  Trincomalee  crosses  the  strike  of  two  charnockite-khondalite  ridges.  The  tirst  ridge, 
6km  wide,  lies  just  south  of  Nilaveli,  and  the  second,  1  km  wide,  lies  inintediately  north  of  Trin- 
comalee. At  these  two  localities  the  dips  are  nearly  vertical,  but  decrease  southeast  of  Trincomalee 
until  a  northwest-southeast  anticlinal  arch  can  be  seen  at  Dutch  Point  (Fig.  2).  Southeast  of  Dutch 
Point  the  dip  returns  to  nearly  vertical  (Coates,  1935). 

Reversal  in  dip  and  outcropping  of  younger  Wanni  gneisses  on  northwest  and  southeast  sides  of 
the  charnockite-khondalite  series  indicates  the  existence  of  a  northeast  trending  synclinal  fold  with 
its  axis  in  Koddiyar  Bay. 

bathymetry 

Within  the  area  of  this  investigation  the  dominant  feature  is  northeast  trending  Trincomalee 
Canyon  (Figs.  2  and  3).   Two  of  its  principal  heads  are  located  in  Koddiyar  Bay  and  a  third  in 

♦Environmental  Science  Services  Administration,  Atlantic  Oceanographic  Laboratories,  Mianii, 
Florida  33130. 
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Fig.l.  Index  chart  showing  a  section  of  track  run  by  USC  &  GS  Ship  Pioneer.  Positioning  was 

estabhshed  by  astronomical  fix,  but  track  was  adjusted  on  the  basis  of  bathymetric  (PDR) 

crossings.  Broken  line  with  arrow  indicates  direction  and  drift  of  underwater  camera. 


Trincomalee  Harbor.  Two  tributaries  enter  the  canyon  from  the  south.  On  the  broad  ridge  north- 
west of  Trincomalee  Canyon  a  northeast  trending  sea  valley  originates  (Fig.  2).  The  valley  bends 
east,  is  deflected  by  a  rise  in  bottom  topography  (Fig.  3,  profiles  K-K'  to  N-N'),  and  continues 
northeast  parallel  to  Trincomalee  Canyon. 

Northwest  of  and  parallel  to  Trincomalee  Canyon  is  a  canyon  herein  named  North  Trinco  Canyon* 
(Figs.  2  and  3).  Three  northeast  trending  tributaries  cross  the  insular  slope  and  debouch  into  it 
from  the  west.  A  shoreward  projection  of  North  Trinco  Canyon  aligns  with  the  northern  contact 
zone  of  Wanni  gneiss  and  charnockite-khondalite. 

Southeast  of  and  parallel  to  Trincomalee  and  North  Trinco  canyons  is  another  canyon  herein 
named  South  Trinco  Canyon*  (Figs.  2  and  3).  One  east  and  two  northeast  trending  tributaries 
originate  on  the  insular  slope  and  debouch  into  it  from  the  west.  A  shoreward  projection  of  South 
Trinco  Canyon  aligns  with  the  southern  contact  zone  of  Wanni  gneiss  and  charnockite-khondalite. 

*The  authors  have  named  the  features  to  the  north  and  south  of  Trincomalee  Canyon,  respectively 
North  and  South  Trinco  canyons.  A  town,  harbor  and  submarine  canyon  named  Trincomalee  now 
exist  within  the  same  small  geographical  area,  so  these  names  are  given  a  shortened  form  in  keeping 
with  the  modern  trend  toward  brevity. 
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Fig.  2.  Bathymetric  chart  contoured  from  PDR  soundings  (corrected)  of  the  IJSC  &  GS  Ship 
Pioneer.  Data  shoreward  of  Ceylon's  territorial  liniit  (Fig.  1)  compiled  from  H.  O.  3689.  Dotted 
lines  show  axes  of  North  Trinco  Canyon  (N.T.C.),  Trincomalee  Canyon  (T.C.),  South  Tnnco 
Canyon  (S.T.C.),  their  tributaries,  and  a  sea  valley.  Dot-dashed  lines  show  assumed  contact 
zones  of  Wanni  gneisses  and  charnockite-khondalites.  Light  dashed  contour  lines  are  o\  er  areas 
containing  fragmentary  data.  Heavy  dashed  line  is  the  projection  of  Trincomalee  Canvon's 
northwest- southeast  trending  segment  and  possible  fault  zone.  Lengths,  average  gradients, 
and  maximum  wall  heights  of  North  Trinco,  Trincomalee,  and  South  Trinco  canyons  are 
respectively:  29  km,  100  m/km,  900  m;  59  km,  54  m/km,  1560  m;  28  km,  107  n\  km,  350  m. 


MAGNETICS 

A  Varian  nuclear  precession  n-.agnetometer  recorded  continuous  total  intensity  measurements  ot 
the  earth's  magnetic  field.  The  nearest  magnetic  obsenatory  located  near  Bombay,  India,  furnished 
magnetograms  which  indicated  such  a  slight  diurnal  variation  that  it  has  been  disregarded  in  this  study. 
Because  of  the  small  geographic  extent  encompassed  by  the  survev.a  constant  of  40,450  ganuiias  was 
assumed  to  be  the  value  for  the  earth's  main  Held  (U.S.  N.-wwl  Oceanoc.raphic  Office,  1966"). 
Removing  this  constant  from  total  field  \alucs  and  contouring  the  resultant  field  (Fig.  4)  lea\es  a 
gentle  gradient  varying  from  —  50  gammas  in  the  southeast  to  —  300  ganimas  in  the  northwest. 

Elongation  of  the  magnetic  trends  along  the  projected  contact  zones  of  \\  anni  gneisses  and  char- 
nockite-khondalites suggests  a  continuation  of  these  rock  series  on  to  the  insular  slope. 
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Note;    Profile  locations  ore  indicoted  on  Fig.  1. 


Fig.  3.   Bathy metric  profiles  of  Trincomalee  and  associated  canyons.   Vertical  exaggeration  is 

10:1.   Axes  of  canyons,  their  tributaries,  and  a  sea  valley  are  shown  by  dotted  lines  based  on 

use  &  GS  Ship  Pioneer's  PDR  data  and  their  interpretation  (Fig.  2).  Broken  lines  with  arrows 

indicate  where  profiles  are  broken  to  keep  them  in  proper  perspective  (Fig.  1). 


BOTTOM  PHOTOORAPHY  AND  DREDGING 

One  camera  lowering  was  made  at  ship's  position  984  (Fig.  1).  Bottom  photographs  revealed  a 
flat  bottom  which  appeared  to  be  composed  of  fine-grained  sediments.  As  the  camera  drifted  across 
the  insular  shelf  it  crossed  over  a  rock  outcrop  and  detritus  (Fig.  5).  Seaward  from  the  talus,  photo- 
graphs of  the  bottom  appear  similar  to  the  flat  bottom  shown  landward  from  the  outcrop.  Near 
ship's  position  998  (Fig.  1)  the  camera  passed  over  an  extremely  steep  slope  (International  Indian 
Ocean  Expedition,  U.S.C.  and  G.S.  Ship  Pioneer — 1964.  1965,  Vol.  1).  At  this  location  the  camera 
was  retrieved,  and  a  chain  dredge  was  lowered  over  the  side.  The  dredge  haul  recovered  "eight 
chunks  of  medium-grained  saccharoidal  dark  green  to  black  igneous  rock,"  (International  Indian 
Ocean  Expedition,  U.S.C.  and  G.S.  Ship  Pioneer—\9GA.  1965,  Vol.  2). 

The  field  description  of  these  rocks  suggests  a  similarity  to  rocks  found  in  the  Koddiyar  Bay  area 
by  COATES  (1935). 
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Fig.  4.  Residual  magnetic  field  off  northeast  Ceylon.  Dot-dashed  lines  indicate  projected  contact 
zones  of  Wanni  gneisses  and  chamockite-khondalites.  Note  elongation  of  magnetic  trends  along 

lines  of  projection. 


DISCUSSION 

The  epeirogenic  history  of  Ceylon  has  been  positive  with  some  minor  oscillations.  The  last  major 
uplift  was  pre-Miocene  (Krishnan,  1953)  when,  according  to  Adams  (1929a)  the  island  was  raised 
approximately  460  m  above  sea  level.  Ensuing  peneplanation  formed  the  present  coastal  plains  w  hich 
were  incised  before  their  submergence  in  the  Miocene  sea  (Adams,  1929a).  During  this  period  of 
erosion,  Trincomalee  Canyon  was  probably  cut  along  the  axis  of  a  synclinal  fold  and  ser\ed  as  the 
major  flume  for  denudation.  Submergence  was  followed  by  a  positive  movement  that  raised  the 
present  insular  shelf  up  to  or  slightly  above  sea  level  (Adams,  1929a).  North  and  South  Trinco 
were  likely  cut  during  this  emergent  period.  Subsequent  oscillations  retun^ed  Ceylon  to  its  present 
elevation.  Feeder  channels  cutting  across  the  shelf  into  North  and  South  Trinco  canyons  were 
presumably  buried  during  the  depositional  cycle  following  the  last  glacial  stage  of  the  Pleistocene. 
Trincomalee  Canyon  remained  open  because  of  its  greater  width  and  steeper  gradient. 

Like  the  major  rock  units  of  this  area,  Trincomalee  Canyon  has  a  general  northeast  strike.  In 
Koddiyar  Bay  the  axis  of  its  main  head  trends  northeast  approximately  4  km,  abruptly  turns  90  ~  north- 
west for  a  distance  of  3  km,  and  again  bends  90°  northeast.  The  canyon's  two  remaining  heads  are 
in  alignment  with  a  landward  projection  (Fig.  2)  of  the  northwest-southeast  striking  3  km  segnient  of 
Trincomalee  Canyon.  The  northwest  projection  crosses  a  quartzite  ridge  (Shepard  and  Dili  .  1966) 
and  aligns  with  a  series  of  hot  water  wells  and  lakes  (U.S.  Hydrooraphic  Ch.\rt  36S9,  1949).  The 
southeast  projection  aligns  with  a  river  mouth  and  series  of  lakes.  It  seems  plausible  that  this  lateral 
offset  in  Trincomalee  Canyon's  axis  is  the  result  of  a  major  fault.  Sharp  bends  which  alter  the  north- 
easterly course  of  Trincomalee  Canyon  as  it  crosses  the  insular  shelf  are  probably  due  to  structural 
coiitrol.  According  to  Adams  (1929a)  the  ri\ers  on  Ceylon  frequently  cross  quartzite  ridges  aloiig 
joint  planes  so  it  seems  reasonable  to  assunie  that  joint  planes  may  ha\e  deflected  Trincomalee's  path. 

North  and  South  Trinco  canyons  are  \ery  similar  in  structure.  With  one  exception  their  tribu- 
taries treiid  northeast  and  enter  their  respectiv  e  canyons  from  the  west.  Both  canyons  strike  nortlcist 
parallel  to  Trincomalee  Canyon,  and  both  canyons  are  apparently  cut  along  Wanni  gneiss  and 
charnockite-khondalite  contact  zones. 

That  surface  geology  on  Ceylon  continues  across  the  insular  slope  is  established  by  (I)  agreement 


660  Shorter  Contribution 


of  major  rock  unit  strikes  with  submarine  canyon  trends;  (2)  alignment  of  North  and  South  Trinco 
canyons  with  contact  zones  of  Wanni  gneisses  and  charnockite-khondalites ;  (3)  ahgnment  of  the 
broad  ridge  between  North  Trinco  and  Trincomalee  canyons  with  the  6  km  wide  quartzite  ridge 
between  Nilaveli  and  the  town  of  Trincomalee;  (4)  elongation  of  magnetic  trends  along  Wanni  gneiss 
and  charnockite-khondalite  contact  zones;  (5)  rock  outcrops  on  the  insular  shelf;  and  (6)  rock  type 
recovered  from  the  insular  slope. 
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Fig.  5.    Bottom  photograph  of  rock  out-crop  and  talus.    General  location  shown  on  Fig. 
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As  we  know  from  gazing  at  the  moon,  even  with  naked 
eye,  the  lunar  surface  displays  dark  and  light  realms. 
From  early  times,  Man  has  tried  to  relate  the  dark 
lunar  regions  to  earth's  own  ocean  basins. 

Aristotle,  whose  views  held  sway  for  two  millenia,  pro- 
posed the  bizarre  notion  that  the  moon  was  a  perfect  mirror 
reflecting  the  earth's  features.  Thus,  he  supposed  the  dark 
regions  on  the  lunar  disk  were  a  miniaturized  view  of  all 
the  world's  oceans. 

In  May  1609,  Galileo  pointed  the  first  telescope  (of  his 
own  invention)  toward  the  moon  and  saw  the  lunar  surface 
more  clearly  than  anyone  before.  At  variance  with  Aristote- 
lian philosophy,  he  observed  that  the  moon  is  not  smooth, 
but  covered  with  craters,  mountains  and  dark,  flat  basins. 

In  his  Sideretis  Nunlius  (Venice  1610)  Galileo  recorded 
these  first  impressions:  "I  feel  sure  that  the  surface  of  the 
Moon  is  not  perfectly  smooth,  free  from  inequities  and 
exactly  spherical  as  a  large  school  of  philosophers  consid- 
ers...but  that,  on  the  contrary,  it  is  full  of  inequalities,  un- 
even, full  of  hollows  and  protuberances  just  like  the  Earth 
itself." 

When  hearing  of  this  discovery,  conservative  philosophers 
of  the  day  allowed  that  this  might  be  so  but  added  that  these 
irregularities  must  be,  in  turn,  covered  by  a  transparent  or 
crystalline  layer  which  filled  all  the  cavities  and  made  the 
surface  of  the  moon  perfectly  smooth  after  all.  Galileo  re- 
torted with  an  answer  precisely  suited  to  the  merit  of  this 
argument.  "Let  them  be  careful.  For  if  they  provoke  me  too 
far,  I  will  erect  on  their  crystalline  shell  invisible  crystal- 
line mountains  ten  times  as  high  as  any  I  have  yet  described." 

It  remained  for  the  astronomer  Kepler  several  years  later 
to  clearly  identify  the  dark  regions  as  seas  and  the  light  areas 
asuplandsorcontinents.Hewrote:  "Do  macidus  esse  nuiria, 
do  liicidas  esse  terras."  ("The  dark  areas  I  take  to  be  seas, 
the  light  areas  1  take  to  be  uplands")  His  use  of  the  term 
maria  (Latin  for  seas;  singular  — mare)  persists  to  this  day, 
with  the  dark  lunar  basins  bearing  interesting  names  that 
indicate  weather  or  states  of  mind,  such  as  Mare  Imbrium. 
(Sea  of  Storms);  Mare  Humorum  (Sea  of  Vapors);  Mare 
Tranquilitatis  (Sea  of  Tranquility);  Mare  Crisium  (Sea  of 
Crisis);  and  Mare  Serenitatis  (Sea  of  Serenity). 

Kepler  believed  there  was  a  lunar  hydrosphere  forming 
seas  and  also  that  there  were  lunar  inhabitants.  At  least 
certain  craters  he  attributed  to  the  result  of  their  labors. 

Following  Kepler,  other  astronomers  for  the  next  century 
or  so  thought  the  maria  to  be  water-filled  depressions  en- 
tirely like  earth's  ocean  basins.  With  the  advent  of  more 
powerful  telescopes,  it  soon  became  evident  that  the  maria 
are  dry.  It  was  probably  Schroeter  (about  1800)  who  finally 
consigned  any  concept  of  a  lunar  hydrosphere  to  limbo  by 
his  discovery  that  the  maria  surfaces  are  not  perfectly  smooth 
but  covered  with  numerous,  sinuous  ridges  and  crevices 
(rilles). 

But  the  idea  persists  even  yet  that  the  maria  may  be  fossil 


oceans  that  somehow  dried  up  — or  at  least  that  the  maria 
originated  in  the  same  manner  as  the  ocean  basins  on  earth. 
There  are,  in  fact,  some  suggestive  similarities  between  maria 
and  ocean  basins.  Both  are  vast  depressions  in  planetary 
crusts;  both  are  floored  with  a  dark  deposit  presumed  to  be 
the  volcanic  rock  basalt;  and  both  have  smooth  expanses  as 
compared  to  the  rugged  upland  terrane. 

We  will  not  have  to  wait  long  to  acquire  fresh  insight  about 
the  lunar  seas,  for  an  astronaut  from  the  United  States  is 
scheduled  to  land  on  the  moon  this  month.  When  astronauts 
return  lunar  rock  samples  to  earth  for  analysis,  one  wonders 
what  their  composition  will  be.  Are  the  smooth  floors  of 
maria  made  up  of  sedimentary  layers  deposited  in  some  now 
dessicated  ancient  sea?  Is  the  dark  coloration  of  the  maria 
due  not  to  basalt  but  to  dispersed  organic  matter  — the  dead 
husks  of  bygone  life?  Will  fossils  of  archaic  life  be  discover- 
ed? Man  will  only  know  for  sure  by  exploring  there,  but  in 
the  interim  we  can  speculate  reasonably  about  the  nature 
of  these  lunar  seas. 

While  the  similarities  between  maria  and  ocean  basins 
are  intriguing  and  suggestive,  they  hardly  prove  that  these 
two  gross  features  of  the  moon  and  earth  are  of  similar  origin. 
In  fact,  more  searching  analysis  suggests  that  the  maria  and 
the  ocean  basins  actually  offer  a  study  in  contrasts. 

Perhaps  the  chief  lesson  we  can  learn  from  any  foray  into 
comparative  planetology  is  that  the  moon  and  the  earth 
are  now  wholly  dissimilar  bodies.  Without  pursuing  the  sub- 
ject in  detail,  let  us  briefly  examine  three  aspects  in  which 
maria  differ  markedly  from  ocean  basins;  there  is  no  general 
interconnection  between  the  maria;  their  depths  in  the  lunar 
crust  differ  rather  than  being  uniform;  and,  unlike  the  earth's 
ocean  basins  and  continental  masses  which  are  counter- 
balanced, the  maria  are  underlain  by  heavy  rock  masses  that 
are  out  of  balance  with  the  lunar  uplands. 

Before  discussing  these  contrasts,  I  should  point  out  that 
certain  other  dissimilarities  may  not  be  meaningful  in  that 
they  are  secondary  rather  than  fundamental  aspects  of  ocean 
basins.  For  example,  one  nearlv  universal  aspect  of 
our  ocean  basins  that  would  be  strikingly  revealed  were 
they  drained  of  water  is  the  shallow,  flat  shelf  that  fringes 
all  the  continents.  Although  some  selenographers  (selenolo- 
gists  are  scientists  who  specialize  in  studying  the  moon  — 
selenographers  deal  expressly  with  its  surface  features) 
have  described  shelves  around  many  of  the  maria.  any  such 
interpretation  is  farfetched,  and  actually  we  can  discern  no 
convincing  examples  on  the  lunar  surface.  However,  this 
dissimilarity  is  not  significant,  because  continental  shelves 
are  a  secondary  aspect  of  ocean  basins  created  by  the  inter- 
action of  the  sea's  surface  with  the  continental  block. 

A  dry  ocean  basin  would  not  have  an\  continental  shelves. 
It  is  entirely  conceivable  that  a  celestial  bod\  could 
I  have  an  ocean  basin  without  any  water  — now  or  in  the 
past.  The  earth  would  ha\e  ocean  basins  even  if  it  had  no 
hydrosphere;  the  creation  of  the  oceanic  basins  and  their 
filling  with  water  are  separate  matters.  The  presence  of 
water  is  just  an  incidental  aspect  of  ocean  basins,  prosing 
only  that  water  runs  downhill  seeking  its  own  level.  If  the 
lunar  maria  were,  in  fact,  once  filled  with  water,  we  should 
be  able  to  discern  a  fossil  continental  shelf  dating  from  the 
lime  they  dried  up.  No  such  shelves  are  present,  w  hich  must 
mean  that  no  large  amount  of  water  ever  covered  the  nux»n. 
But,  again,  this  argument  does  not  exclude  the  possibility 
that  lunar  maria  might  be  genetically  simiUu"  to  the  ocean 
basins. 
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Aristotle  supposed  the  moon  to  be  a  mirror 
reflecting  the  earth's  features, 
the  dark  regions  being  the  images 
of  the  world  oceans. 


Returning  now  to  the  question  of  contrasts,  the  first  basic 
difference  between  earth  and  moon  is  the  universahty  of  our 
ocean  basin.  Ahhough  geographers  speak  of  many  oceans, 
all,  in  fact,  interconnect  into  a  worldwide  ocean  basin  above 
which  the  continental  plateaus  rise  as  isolated  islands.  Ex- 
cluding the  shelves  and  all  of  the  semi-continental  oceanic 
regions  above  ocean  depths  of  2,000  meters  (about  1,100 
fathoms),  the  true  oceanic  realm  still  covers  60  percent  of 
the  earth.  It  is  the  ocean  floor  that  is  typical  of  the  earth's 
surface,  not  the  continental  regions. 

In  contrast,  the  moon  is  dominated  by  the  light  colored 
zones  (variously  called  uplands,  terra,  or  the  continental 
regions).  The  maria  mostly  are  not  interconnected,  but  gener- 
ally are  isolated  by  uplands  into  which  these  basins  appear 
to  have  been  punched.  Maria  cover  only  one  third  of  the 
moon's  nearside,  while  Lunar  Orbiter  satellites  have  shown 
its  backside  to  be  free  of  maria  of  any  importance.  The  orien- 
tation of  the  moon  with  most  maria  always  facing  toward 
earth  probably  results  from  these  basins  being  heavy.  The 
moon  is,  of  course,  gravitationally  trapped  in  orbit  by  the 
earth  and  makes  exactly  one  rotation  on  its  axis  for  each 
revolution  about  earth.  Originally  the  moon  was  nearer 
earth  and  rotated  more  rapidly,  but  tidal  friction  in  the  earth's 
oceans  slowed  the  moon's  spin  until  it  ultimately  became 
"locked  in"  with  its  heavy  hemisphere  (for  there  the  gravi- 
tational pull  is  greater)  always  facing  earthward. 

The  second  significant  contrast  is  that  the  floors  of  the 
maria  have  differing  levels,  while  theocean  floor  through- 
out the  various  oceans  has  a  common  level.  (A  popular 
opinion  prevails  that  the  Atlantic  Ocean  is  shallower  than 
the  Pacific.  Such  a  difference  does  show  up  on  some  hypso- 
metric—pertaining to  the  measurement  of  elevation  — tables 
and  graphs  showing  ocean  levels.  It  arises  when  the  broad 
continental  shelves  of  the  Atlantic  are  included  as  ocean 
basin  features;  these  are  geologically  part  of  the  continent. 
If  you  consider  the  basins  alone,  there  is  no  large  difference 
between  the  Atlantic  and  Pacific  Oceans.) 

If  we  compare  the  hypsographic  curves  for  the  earth  and 
moon,  we  find  that  the  earth  is  characterized  by  two  levels. 
The  continental  level  averages  500  meters  (about  1,650  feet) 
above  sea  level  and  the  ocean  floor,  4,120  meters  (approxi- 
mately 13,400  feet)  below  sea  level.  Thus,  the  earth  has  a 
bimodal  (two-group)  distribution  of  land  levels  separated 
by  the  abrupt  continental  slopes.  The  hypsographic  curve  of 
the  moon  reveals  no  such  preferential  levels,  as  the  maria 
vary  in  depth,  with  Mare  Imbrium  and  Mare  Humorum 
being  the  deepest. 

The  hypsometric  curves  reveal  fundamental  properties 
of  both  celestial  bodies.  A  bimodal  distribution  for  the  earth 
is  consistent  with  the  fact  that  the  ocean  basins  are  free  of 
continental-type  rock  (sial  or,  loosely  speaking,  "granite") 
and  are  essentially  areas  where  the  earth's  crust  is  missing 
and  the  upper  mantle  is  exposed.  In  loftier  terms,  the  earth 
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Science  is  now  quite  certain  that 

the  continents  have  rifted  and  drifted  apart 

in  the  last  few  percent  of  geologic  time. 


l^Mid-Oceanic  Ridge 

Transform  Fault 


SOUTH  AMERICA 


has  a  discontinuous  sialic  layer  with  granitic  rock  being  con- 
fined to  the  continental  plateaus.  This  makeup  can  be  lik- 
ened to  an  egg  with  the  shell  removed  from  two  thirds  of  its 
surface,  exposing  the  albumin  (egg  white). 

In  contrast,  the  moon  must  not  be  so  layered.  It,  instead, 
must  be  fairly  homogeneous  to  at  least  a  considerable  depth. 
If  any  deep  second  layers  (corresponding  to  earth's  mantle) 
were  responsible  for  the  development  of  the  maria  depres- 
sions, their  existence  would  show  up  in  the  moon's  hypso- 
metric curve  as  a  preferred  basin  level.  Almost  certainly 
the  moon  has  no  mantle  and  probably  not  even  a  core,  which 
means  it  is  most  likely  a  homogeneous,  or  undifferentiated, 
body. 

The  maria  differ  from  ocean  basins  in  another  way.  Our 
ocean  basins  lie  deep  because  they  are  underlain  by  heavy 
rock  layers,  above  which  the  lighter  continents  actually 
float  like  icebergs.  The  two  realms  exist  in  a  nice  state  of 
balance  or,  as  scientists  say,  "in  isostatic  equilibrium  with- 
out any  large  gravity  anomalies." 

Such  a  balance  is  not  true  for  the  lunar  maria.  National 
Aeronautics  and  Space  Administration  (nasa)  scientists 
P.  M.  Muller  and  W.  I,.  Sjogren  recently  found  that  the 
maria  reveal  large,  positive,  gravity  anomalies,  which  mean 
that  they  are  underlain  by  heavy  rock  that  sits  above  its 
level  of  gravitational  balance.  If  a  lunar  equivalent  to  the 
earth's  mantle  existed,  the  maria  would  sink  even  deeper. 

These  heavy  mass  concentrations,  or  mascons,  are  found 
beneath  the  centers  of  all  of  the  five,  nearside,  ringed  maria 
(Imbrium,  Serenitatis,  Crisium,  Nectaris,  and  Humorum). 
They  were  delected  as  perturbations  in  the  orbits  of  the 
Lunar  Orbiter  satellites  around  the  moon.  The  nasa  scien- 
tists suggest  that  these  mascons  may  be  the  remnants  of 
the  asteroids  which  originally  created  the  maria.  In  other 
words,  they  suggest  that  these  anomalies  may  be  the  rem- 
nants of  the  cosmic  cannonballs  — nickel-iron  meteorites  as 
much  as  100  kilometers  in  diameter  — that  struck  in  bygone 
aeons. 

Although  many  scientists,  including  myself,  do  not  agree 
with  Muller's  and  Sjogren's  simplistic  interpretation 
of  mascons,  there  is  rather  universal  agreement  thai 
the  lunar  maria  are  indeed  explosion  basins  created  cat- 
astrophically  by  the  impact  of  large  cosmic  bodies.  If  errant 
meteorites,  asteroids  or  comet  heads  have  struck  the  moon, 
how  has  the  earth  escaped  this  bombardment'.'  Cannot  the 
ocean  basins  be  accounted  for  in  the  same  manner'.'  Such  an 
interpretation  is  conceivable,  but,  as  I  explain  later,  it  is 
highly  unlikely. 

There  are  at  least  two  ways  to  account  for  earth  not  bear- 
ing evidence  of  a  cosmic  bombardment  comparable  to  the 
moon's.  Much  of  the  moon's  pocked  surface  may  have  re- 
sulted from  its  sweeping  up  bodies  not  in  solar  orbit  but  in 
earth  orbit  as  "micro-satellites,"  moonlets,  or  a  ring  around 
the  earth  like  that  around  Saturn. 


The  mid-Atlantic  ridge  is  part  of  a 

world-straddling  geologic  feature.  New 

ocean  floor  appears  along  the  crest  of 

the  ridge  and  spreads  down  the  slopes. 

In  the  process,  the  continents  float,  like 

Icebergs,  on  the  denser  crustal  layer, 

slowly  drifting  apart.  The  hypothesis 

Implies  that  at  some  earlier  time,  the 

continents  must  have  been  in  contact.  It 

seems  that  Africa  and  Antarctica  have 

remained  relatively  fixed,  while  South 

America  and  the  mid-oceanic  ridge  have 

migrated  westward.  The  other  continental 

masses  have  shifted  similarly  away  from 

their  earliest  positions.  (After  Heezen 

and  Tharp  [1965].) 
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Oceanic  Crust 

(Sima)  Continental  Crust 

I  (Sial)  Trench 


,Mid-Oceanic  Ridge 


UTHOSPHERE 

ASTHENOSPHERE 


MESOSPHERE 


The  makeup  of 
the  earth 
comprises  three 
principal  zones 
-the  core,  the 
mantle  and  the 
crust.  The  ratio 
of  masses  for 
the  three  regions 
is  20:79:1.  (After 
Isacks.  Oliver, 
andSykes  11968].) 


The  shells  form- 
ing the  earth  are 
dynamic.  Con- 
vective  circula- 
tion high  in  the 
mantle  (astheno- 
spherezone) 
transports  the 
topmost  region 
of  the  mantle  as 
well  as  the 
crust.  The 
landmasses  are 
buoyed  along 
on  the  spread- 
ing lithosphere. 
(After  Isacks. 
Oliver,  and  Sykes 
[1968].) 


The  moon  has  been  slowly  receding  from  the  earth  and  as 
its  rotation  slowed,  it  may  have  been  struck  by  such  cosmic 
debris  along  the  way.  More  likely,  however,  the  maria  are 
exceedingly  ancient  basins  formed  by  impact  explosions 
very  early  in  terrestrial  history  — more  than  three  billion 
years  ago.  There  are  virtually  no  rocks  on  earth  of  that  vin- 
tage that  have  not  been  thoroughly  reprocessed  since  then. 
Thus,  there  is  no  readable  geologic  record  of  the  first  one  and 
one  half  billion  years  of  earth  history. 

Unlike  the  earth,  the  airless,  waterless,  and  structurally 
inert  moon  undergoes  little  change,  so  that  lunar  fea- 
tures formed  aeons  ago  remain  intact.  The  moonscape 
is  a  museum  of  ancient  landforms. 

The  idea  that  asteroid  impacts  sculptured  our  own  ocean 
basins  is  not  without  its  devotees.  I  once  published  such  a 
speculation,  but  only  to  suggest  that  this  occurred  during  the 
first,  or  lost,  aeon  of  earth's  history.  It  seemed  evident  to 
me  then,  as  now,  that  the  ocean  basins  as  they  now  exist 
allow  no  such  interpretation.  But,  //  an  original,  universal 
crust  once  existed  after  the  initial  cooling  of  a  molten  earth, 
then  this  crust  might  have  been  pierced  and  fractured  during 
the  early  sweepup  of  celestial  debris. 

Nearly  all  earth  scientists,  however,  now  believe  in  the 
so-called  Urey  earth  model.  It  conjectures  that  the  earth 
accreted  from  a  dust  cloud  of  small  particles  and  never,  in 
fact,  melted;  no  original  crust  ever  formed.  Hence,  any 
speculation  about  the  fragmentation  of  an  early  crust  is 
unnecessary.  (Curiously,  a  possible  exception  to  this  camp 
may  be  Nobel  Laureate  Harold  Urey  himself  At  least,  in 
Vienna  recently  he  told  me  that  he  was  not  so  sure  of  his 
cold  earth  model  after  all.) 

Certainly,  if  an  object  as  big  as  the  800-kilometer  diameter 


of  Ceres  — the  largest  asteroid  discovered  in  space  — were 
to  strike  the  earth,  a  gaping  scar  as  big  as  the  Pacific  Ocean 
would  be  blown  out.  However,  it  seems  equally  clear  to 
geologists  that  such  an  event  has  never  happened  in  read- 
able geologic  history.  The  ocean  basins,  as  we  see  them 
now,  are  quite  young  geologically  — one  or  two  hundred 
million  years  old  at  most.  Catastrophism  on  so  huge  a  scale 
could  not  have  formed  them  within  Phanerozoic  time  (the 
last  600  million  years)  while  the  complex  higher  metazoan 
forms  of  life  have  existed.  If  it  had,  the  slender  skein  of 
evolution  would  have  suffered  discernibly  with,  perhaps,  all 
life  snuffed  out. 

In  the  realm  of  catastrophism,  the  inverse  of  the  Pacific 
basin  being  formed  by  impact  is  the  classical  view  that  this 
great  depression  is  the  scar  left  when  solar  tidal  forces  physi- 
cally extracted  the  moon's  mass  from  the  earth. 

This  durable  myth  still  pervades  literature,  although  scien- 
tists have  discredited  it  since  the  I930's.  The  concept 
that  the  moon  is  the  daughter  of  the  earth  refuses  to  die 
and  recently  has  enjoyed  some  renewed  advocacy  among 
scientists.  Its  persistence  in  popular  print  I  can  only  ascribe 
to  its  poetic  beauty  rather  than  its  scientific  merit.  Scientific 
hypotheses,  like  cats,  seem  to  enjoy  nine  lives. 

Scientists  are  now  quite  certain  that  the  earth's  hydro- 
sphere is  not  primitive  but  has  been  continuously  squeezed 
or  "sweated"  out  of  the  planet's  interior  by  volcanism  and 
hot  springs. 

Some  water  must  reach  the  moon's  surface  in  the  same 
manner,  but  lunar  gravitation  is  only  one  sixth  that  of  the 
earth,  allowing  any  free  water  to  escape  rapidly  to  space  to 
be  captured  ultimately  by  the  earth  or  the  sun.  However, 
John  Gilvarry,  an  astrophysicist,  takes  exception  to  this 
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standard  belief  and  has  calculated  that  water  can  stay  on 
the  lunar  surface  for  as  lony  as  one  billion  years.  He  argues 
that  the  maria  were  once  water-filled  oceans  in  which  primi- 
tive forms  of  life  such  as  algae  evolved.  He  ascribes  the 
dark  color  of  the  maria  not  to  volcanic  rock,  as  is  usually 
supposed,  but  to  sedimentary  deposits  that  would  owe  their 
dark  coloring  to  an  admixture  of  organic  matter  — remnants 
of  these  early  life  forms.  Such  a  speculation,  however,  seems 
rather  bi/.arre  to  most  selenologists. 

Although  as  yet  we  have  no  rock  samples  from  the  moon, 
we  do  have  three  crude  analyses  of  the  lunar  surface  rock 
from  the  Surveyor  soft  landings.  Two  were  made  on  the 
maria  and  one  on  the  uplands  near  the  rayed  crater  Tycho. 
A  radioactive  source  irradiated  the  lunar  surface,  a  suitable 
detector  recorded  the  energy  of  alpha  and  proton  particles, 
and  the  spacecraft  then  transmitted  the  results  back  to  earth. 
These  analyses  seem  to  rule  out  the  possibility  that  the 
moon's  surface  is  composed  of  meteoritic  rock,  ultrabasic 
rock,  or  granite.  Instead,  the  maria  seem  to  be  a  basic  volcan- 
ic rock  common  on  earth  — namely,  basalt.  The  upland  soil 
has  a  similar  composition,  although  with  a  relatively  small 
content  of  the  iron-group  elements,  hence  it  is  somewhat 
more  granitic. 

A  decade  ago  the  belief  was  widespread  that  the  ocean 
floor  was  a  primitive  surface  and  that  it  had  remained  es- 
sentially undisturbed  and  pristine  since  its  formation.  This 
idea  stimulated  some  scientists  to  see  similarities  between 
the  ocean  floor  and  the  lunar  surface. 

In  1962,  in  the  Bullclin  of  the  Ge<>li>i;iciil  Society  of 
America,  geologist  P.  A.  Chenowith  drew  comparisons,  for 
example,  between:  the  Madeira  Abyssal  Plain  in  the  central 
Atlantic  Ocean  and  Mare  Crisium;  the  Romanche  Trench, 
which  slices  through  the  Mid-Atlantic  Ridge,  and  the  lunar 
Alpine  Valley;  the  Mid-Ocean  Canyon  of  the  Atlantic  and 
the  rilles  that  traverse  the  surfaces  of  the  maria;  and  the 
seamounts  and  the  lunar  mountains.  Chenowith  concluded 
his  paper  with  the  statement:  "Perhaps,  when  we  can  study 
at  close  range  the  geology  of  the  lunar  surface  and  the  sea 
floor,  we  will  find  that  they  are  as  closely  alike  in  detail  as 
they  now  appear  in  general."  In  the  ensuing  years  there  has 
been  profound  progress  in  undersea  and  lunar  exploration. 
Geophysical  theory  has  kept  pace,  with  the  result  that 
scientific  consensus  now  realizes  the  ocean  floor  and  the 
moon's  surface  are  wholly  dissimilar.  It  now  would  take 
great  imagination  to  draw  even  vague  comparisons.  It  has 
been  largely  demonstrated  that  the  ocean  floor  is  a  realm  of 
more  active  tectonism  (the  deformation  process  that  pro- 
duces geologic  features)  than  the  continents.  We  now  know 
the  ocean  floors  are  young  terrane,  no  more  than  200  mil- 
lion years  old  (formed  within  the  last  three  percent  of  geolog- 
ic time). 

We  need  only  to  look  at  the  marginal  continental  slopes 
of  the  wHpld's  oceans  to  realize  their  newness.  These  rugged 
and  abrypt  slopes,  standing  5,500  meters  high,  are  incised 
by  submarine  chasms  as  deep  as  the  Grand  Canyon.  This 
very  ruggedness  is  the  hallmark  of  youth.  By  contrast,  a 
topography  of  old  age  would  show  degraded,  gentle  slopes 
which  in  the  sea  would  taper  gradually  toward  the  abyssal 
ocean  floor.  To  account  for  youthful  margins,  we  do  not 
need  a  catastrophic  genesis  but  some  evolutionary  and 
steady  state  mode  of  ocean  basin  development  that  renews 
the  ocean  margins. 

The  moon,  then,  is  quite  imlike  the  earth,  and  the  lunar 
"seas"  bear  no  relationship  to  our  ocean  basins.  The  circular 
maria  are  explosion  basins -scars  where  great  asteroids  or 


comet  heads  struck  aeons  ago.  These  holocausts  were  of 
such  great  energy  that  they  triggered  the  flow  of  molten  rock 
from  the  moon's  interior,  like  blood  from  a  wound,  which 
then  filled  these  saucer-shaped  depressions  with  lakes  of 
dark  lava.  You  can  still  see  the  explosion  rays  scoring  the 
face  of  the  moon  clearly  around  Mare  Imbrium.  The  maria 
were  born  full-blown  in  virtual  instants  of  limel 

The  story  of  our  ocean  basins  is  much  more  complex.  We 
have  been  able  to  piece  together  only  recently  an  ac- 
ceptable account  of  their  evolution,  and  even  this  re- 
mains tentative  and  fragmentary. 

To  begin  with,  the  earth  must  have  been  much  like  the 
moon  for  the  first  billion  years  after  it  accreted  as  a  cold 
body  from  a  solar  dust  cloud.  Although  the  moon  has  ap- 
parently remained  a  primitive  body,  the  earth  underwent  a 
dramatic  change  about  ^'/-i  billion  years  ago  — perhaps  in  part 
because  our  planet  is  sufficiently  larger  than  the  moon  that 
heat  generated  within  by  decay  of  the  radioactive  elements 
potassium,  thorium  and  uranium  could  not  readily  escape. 
The  earth  started  to  differentiate  into  what  are  its  present 
component  layers  — the  core,  mantle  and  crust.  It  was  no 
longer  merely  a  homogeneous  rock  in  space. 

Very  likely  there  was  an  initial  core-forming  event  when 
heavy,  liquid  iron  sank  toward  the  planet's  center  to  form  the 
core  and  left  a  cleansed  mantle.  At  the  same  time,  light  sialic 
components  rose  to  the  surface  to  form  a  proto-crust.  Water 
and  gases  were  squeezed  out,  creating  an  atmosphere  and  a 
hydrosphere. 

The  mantle's  bulk  is  by  far  the  largest  of  the  earth's  three 
solid  domains;  thus,  it  most  closely  resembles  the  chon- 
dritic,  stony  meteorite  rock  that  accreted  to  form  the  proto- 
planet.  The  ratio  of  the  masses  of  the  core,  the  mantle  and 
the  crust  is  curiously  like  that  of  the  main  components  of  the 
present  atmosphere  — oxygen,  nitrogen  and  argon  — which  is 
20:79: 1 .  The  sialic  crust  on  which  we  live  is  as  exceptional 
as  is  the  argon  in  the  atmosphere. 

Although  this  geologic  differentiation  probably  proceeded 
more  quickly  at  first,  it  apparently  has  continued  until  the 
present,  for  we  still  can  witness  new  crust  being  created  in 
the  formation  of  mountain  ranges.  The  intruding  granite 
batholiths  that  contribute  to  mountain  building  must  be.  in 
part,  juvenile  substance  (Batholiths  are  vers  large  subter- 
ranean masses  of  igneous  rock  which  have  no  clearly  defin- 
able floors.) 

,'\  critical  question  is:  Did  the  granitic  crust  e\er  become  a 
completely  encircling  layer  that  formed  an  unbroken  skin 
around  the  earth?  In  all  probability,  the  answer  is  no. 
Through  the  action  of  convection  cells  in  the  mantle,  the 
granitic  substance  piled  up  into  one  or  two  initial  rafts  of 
sialic  "scum."  The  mantle,  even  though  solid,  behaves  as  a 
quasi-liquid  or  highly  viscous  material  and  undergiies  slow 
creep.  It  was  never  necessary,  then,  for  there  to  have  occur- 
red some  catastrophic  event  to  account  for  the  ocean  basins; 
these  "depressions"  have  existed  from  the  planet's  begin- 
ning. Precisely  speaking,  they  are  not  really  basins  but  rather 
the  normal  surface  of  the  earth,  above  which  the  continents 
have  been  built.  Continents  are  protuberances  above  the 
true  surface  of  the  earth,  instead  of  the  ocean  basins  being 
depressions  within  the  earth's  outer  shell 

.About  200  million  years  ago,  in  the  era  when  dinosaurs 
flourished,  the  thermal  regime  of  the  upper  half  of  the  mantle 
became  unstable:  slow  convection,  or  overturn,  commenced 
Ibis,  in  turn,  impressed  stresses  upon  the  earth's  outer  shell 
so  that  it  broke  up  into  a  group  of  rigid  plates.  These  plates 
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The  moon  is  quite  unlike  the  earth, 
and  the  lunar "seas" 
bear  no  relationships 
to  our  ocean  basins. 


In  contrast  to 
the  tectonically 
active  earth,  the 
moon  is  an  inert, 
frozen  orb.  The 
moonscape  is  a 
museum  of 
ancient  land- 
forms.  Less  than 
a  decade  ago, 
geologists  drew 
comparisons 
between  the 
mid-oceanic 
ridge  and  lunar 
rilles.  The 
ridges  are  young 
features  of  active 
volcanism.  The 
rilles,  like  this 
one  on  the  floor 
of  Mare 

Foecunditatis,  are 
old,  lifeless 
scars. 
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The  earth's  outer  shell  has  broken 
into  a  group  of  rigid  plates. 


According  to  the  plate  theory-and  more  and  more 
evidence  indicates  it  is  accurate- new  crust  is  born 
along  the  mid-oceanic  ridges  (dashes)  and  older 
crust  descends  into  the  trenches  or  pushes  up  into 
mountains  (solid  lines).  The  rift  system  extends  as 
ridges  and  transform  faults  (dots)  all  around  the  globe. 
The  plates  bounded  by  these  features  maintain  a 
constant  area,  and  the  planet's  diameter  grows  neither 
larger  nor  smaller.  (After  Sykes  |1968),  Heezen  and 
Tharp  11965).) 


seem  to  be  about  1 00  kilometers  thick,  or  much  thicker  than 
the  continental  layers,  which  extend  only  down  to  the  Moho 
—  the  boundary  between  the  continental  sial  and  the  upper 
mantle. 

Subsequently,  these  plates  have  moved  apart  at  rather 
steady  rates  with  the  result  that  mantle  rock  and  hot  lava 
continually  well  up  to  fill  the  opening  suture.  The  process 
created  the  world-encircling,  mid-oceanic  ridge.  Its  central 
rift  marks  the  locus  of  the  pulling  apart  that  extends  over  a 
serpentine  course  of  nearly  100,000  kilometers  and  resem- 
bles the  seam  on  a  tennis  ball. 

In  the  past  60  million  years  a  swath  of  new  oceanic  crust, 
or  sima,  500  to  1 ,500  kilometers  wide  has  formed  and  spread 
down  both  slopes  of  the  mid-oceanic  ridge.  The  rate  of 
spreading  has  been  so  rapid  that  about  one-third  of  the 
oceanic  crust  has  been  emplaced  during  this  geologically 
brief  span  of  time. 

Science  has  obtained  this  information  only  very  recently 
—  within  the  past  decade  or  less.  The  mid-oceanic  ridge 
is  entirely  hidden  and  all  but  inaccessible  beneath  the 
sea  except  where  it  breaches  the  surface  of  the  North  At- 
lantic Ocean  as  the  island  of  Iceland. 

This  concept  of  sea-floor  spreading  suggests  that  these 
rigid  crustal  plates  are  in  constant,  relative  motion.  Like  a 
conveyor  belt,  they  have  a  zone  where  new  crust  is  born 
(mid-oceanic  rifts)  and  another  where  it  is  destroyed  by  de- 
scending along  trench  zones,  or  sinks,  into  the  mantle.  The 
uptake  in  the  sinks  probably  offsets  exactly  the  generation 
of  new  crust,  so  that  the  plates  maintain  a  constant  area  and 
the  earth's  diameter  grows  neither  larger  nor  smaller.  The 
boundaries  of  the  "belts"  are  marked  by  great  fault  zones, 
or  nief;(ishetirs.  The  force  that  shifts  these  plates  must  be 
thermal  convection  cells  in  the  upper  region  of  the  mantle. 
However,  no  one  has  yet  made  an  exact  correlation  between 
the  plates  and  the  convection  cells.  The  movement  of  the 


plates  seems  to  conform  to  the  overall  motion  of  the  quasi- 
plastic  upper  mantle. 

Our  modern  world  appears  to  be  divided  into  six  major 
plates  which  are  moving  with  respect  to  each  other.  These 
blocks  are  as  follows;  Norlh  America  and  South  America. 
including  the  Atlantic  Ocean  out  to  the  mid-oceanic  rift; 
a  Eurasian  block,  limited  to  the  west  by  the  North  Atlantic 
mid-oceanic  rift,  to  the  cast  by  the  Pacific  trenches  and  to  the 
south  by  the  Mediterranean  trenches;  an  African  block,  in- 
cluding not  only  Africa  but  also  the  surrounding  sea  floor 
out  to  the  mid-oceanic  rifts  in  the  South  Atlantic  and  the 
Indian  Oceans  and  limited  on  the  north  by  the  Mediterra- 
nean trenches;  a  Pacific  block,  including  all  of  the  Pacific 
Ocean,  except  for  that  portion  east  of  the  East  Pacific  Rise; 
an  Indian-Australian-New  Zealand  block,  covering  the  in- 
tervening ocean  regions;  and,  finally,  an  Antarctica  block 
comprising  not  only  Antarctica  but  also  the  ocean  floor  out 
to  the  surrounding  mid-oceanic  rift. 

The  blocks  are  all  defined  and  limited  by  one  of  three 
earth  structures;  trenches,  which  are  zones  where  crust 
disappears;  mid-oceanic  rifts,  where  new  crust  is  born; 
or  large  transform  faults,  of  which  the  well-known  San 
Andreas  fault  is  a  fine  example.  Along  western  North  Amer- 
ica, for  example,  the  American  crustal  block  is  limited  off 
western  Mexico  by  the  East  Pacific  Rift  which  enters  North 
America  through  the  Gulf  of  California.  This  rift  then  trans- 
forms into  the  San  Andreas  fault  that  extends  to  the  Gulf 
of  Alaska  where  a  series  of  transform  faults  finally  connects 
with  the  great  Aleutian  trench  and.  thereby,  with  the  re- 
mainder of  the  Pacific  trench  system. 

Although  scientists  are  now  quite  certain  that  the  con- 
tinents have  rifted  and  drifted  apart  in  the  last  few  percent 
of  geologic  time,  many  aspects  of  the  breakup  remain  a  puz- 
zle. The  impression  and  usual  assumption  are  that  both 
Africa  and  Antarctica  have  remained  fixed  in  position  with 
respect  to  the  earth's  rotational  axis  foi  the  past  100  million 
years  — or  since  Africa  split  away  from  the  remainder  of 
the  supercontinent  of  Gondwana  (the  southern  continents 
plus  India). 

For  South  America  to  move  westward  from  .Africa  and 
open  up  the  South  Atlantic  Ocean,  at  least  two  of  three  ele- 
ments (Africa,  the  Mid-.'KtIantic  Ridge,  and  South  America) 
must  have  migrated,  because  the  mid-oceanic  rift,  the  axis 
of  the  spreading,  remains  midway  between  the  two  con- 
tinents. It  seems  that  both  South  America  and  the  mid- 
oceanic  ridge  have  migrated  westward.  This  translation  is 
now  checked  by  the  Peru-Chile  trench,  a  zone  of  crustal 
convergence, unless  this,  too.  isbeingoverriddenandpushed 
to  the  west. 

It  is  more  difficult  to  prove  that  something  has  disappeiu^ed 
from  the  earth  than  that  something  new  has  arrived.  None- 
theless, it  seems  quite  certain  that  an  amount  of  crust  equal 
to  that  being  born  is  disappearing  into  a  globe-girdling  trench 
system  that  is  discernible  mainU  around  the  Pacific,  but 
which  probably  exists  in  other,  hidden  regions  such  as  be- 
neath the  Himalayas. 

Ten  years  ago.  when  1  coined  the  term  "sea-floor  spread- 
ing" and  helped  establish  this  general  concept,  for  which  we 
are  indebted  mainly  to  Dr.  Harry  Hess  of  Pnnceton  Lniver- 
sity.  the  evidence  for  this  conveyor-belt  action  of  the  e;irth's 
outer  shell  came  from  indications  that  the  trench  system 
was  a  realm  of  crustal  uptake.  Now  the  weak  point  in  the 
concept  lies  in  our  imperfect  understanding  of  the  role  of 
the  trenches.  The  mid-oceanic  ridges  today  provide  the  re;illy 
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convincing  evidence.  Most  of  us  are  sure,  however,  that  the 
trenches  are  the  uptake  ends  of  the  crustal  conveyor-belt 
system. 

The  early  configuration  of  the  continents  remains  obscure. 
Most  geologists  are  now  certain  that  major  continental  rifting 
and  drifting  began  about  200  million  years  ago.  It  continues 
to  this  day,  with  earthquakes  along  the  margins  of  these 
moving  blocks  punctuating  this  slow  shifting  of  a  few  centi- 
meters per  year. 

Possibly  all  of  the  land  was  formerly  one  universal  land- 
mass,  which  geologists  term  Pangaeu  (meaning  universal 
land).  Or  there  may  have  been  two  supercontinents,  Laur- 
iisiii  (North  America  and  Eurasia)  in  the  northern  hemi- 
sphere and  Gondwana  in  the  southern  hemisphere. 

One  reason  to  suspect  the  two-continent  configuration 
existed  is  that  when  we  sum  up  the  total  areas  of  these  two 
hypothetical  supercontinents  (using  the  now  scattered  parts 
of  which  they  were  once  composed),  the  two  would  have  had 
identical  areas  of  almost  exactly  100  million  square  kilo- 
meters each.  This  equivalency  is  understandable  if  both 
continents  were  born  from  the  mantle  in  opposite  hemi- 
spheres. Surprisingly,  there  is  growing  evidence  to  suggest 
that  these  two  supercontinents  collided  in  mid-Paleozoic 
time,  prior  to  the  major  drift  event  in  the  mid-Mesozoic 
era,  temporarily  joining  Africa  to  the  eastern  margin  of  the 
United  States. 

The  work  of  earth  scientists  who  have  recently  mapped 
the  directions  and  field  strengths  of  the  magnetic  properties 
trapped  in  abyssal  rock  has  convincingly  demonstrated  that 
crust  is  being  generated.  In  their  mapping,  linear  magnetic 
anomalies,  in  mirror  image,  parallel  the  mid-oceanic  ridge 
system  on  both  flanks  of  the  ridge.  The  anomalies  form 
broad  bands,  like  zebra  stripes,  of  normally  and  reversely 
magnetized  extrusions  of  basalt.  The  basalt  trapped  the 
signature  of  the  earth's  ancient  magnetic  field  when  these 
lavas  froze.  We  now  know  that  the  earth's  magnetic  poles 
have  flip-flopped,  with  north  becoming  south  and  vice  versa 
about  every  half-million  years.  This  phenomenon  makes  it 
possible  to  read  the  record  of  generation  of  new  oceanic 
crust  as  though  the  sea  floor  were  a  magnetic  tape  recorder. 
We  know,  for  example,  that  spreading  began  actively  in  the 
North  Atlantic  at  least  70  million  years  ago,  but  in  the  Ant- 
arctic Ocean  between  Australia  and  Antarctica  only  about 
40  million  years  ago. 

It  follows  from  sea-floor  spreading  that  the  continents 
have  been  passively  carried  along  like  so  many  icebergs. 
They  float  on  a  lithosphere  set  into  motion  by  gigantic  con- 
vection cells  within  the  upper  mantle.  Spreading  has  dis- 
persed the  continents  to  their  present,  scattered  positions 
on  the  globe.  The  Atlantic  and  Indian  Oceans  are  new  rift 
oceans,  while  the  continents  have  encroached  upon  the 
Pacific,  the  remnant  of  an  even  larger  ancient  ocean.  Thus, 
in  most  general  terms,  we  can  account  for  the  pattern  of 
ocean  basins  and  continents  on  the  earth  today. 

In  summary,  the  lunar  maria  and  the  ocean  basins  are 
worlds  apart,  a  study  in  contrasts.  The  moon  is  a  prim- 
itive body  which  will  give  us  some  clue  as  to  how  the 
earth  probably  looked  3V2  to  4V2  billion  years  ago,  for  this 
record  is  forever  lost  on  our  planet.  The  moon  is  virtually  a 
dead  rock  in  space,  and  its  surface  largely  records  only  ex- 
ogenic (external  or  cosmic)  events  plus  pseudo-volcanic 
occurrences  which  the  larger  of  these  great  impacts  have 
triggered. 
The  earth  is  perhaps  unique  among  the  planets  in  showing 


crustal  spreading.  The  moon  shows  no  surface  structure  like 
the  earth's  trench  system,  the  mid-oceanic  ridge  system, 
Cordilleras  of  folded  mountains  or  large  crustal  transform 
faults.  Any  crustal  offsets  should  be  especially  evident  if 
present  on  the  moon,  for  the  circular  craters  form  an  excel- 
lent reference  grid  that  evidently  has  been  fixed  through  time 
and  not  sheared.  Photos  from  the  Mariner  fly-by  mission 
have  revealed  Mars  to  be  covered  with  craters  much  like 
the  moon,  although  erosion  has  somewhat  subdued  them. 
Among  the  terrestrial,  or  inner,  planets,  the  earth  is  the  larg- 
est and  probably  is  of  just  the  critical  size  for  gravitational 
forces  to  reduce  the  mantle's  strength  so  that  it  undergoes 
quasi-liquid  creep  or  flow. 

The  geology  of  the  earth's  surface  has  been  molded  by 
internal  processes,  especially  by  an  active,  thermally  con- 
vective  upper  mantle  which  has  given  rise  to  sea-floor 
spreading.  Volcanism,  earthquakes,  mountain-making  and 
trenches  are  all  expressions  of  this  sea-floor  spreading, 
which  is  the  priinum  mobile  of  geotectonism.  the  deforma- 
tion of  earth's  crust. 

The  Man  in  the  Moon  is  dead  and  his  expression  has 
changed  but  little  over  the  aeons.  In  contrast.  Mother  Earth 
is  much  alive  and  the  earth's  surface,  including  the  positions 
of  all  the  continents,  has  been  completely  reordered  since 
the  age  of  the  dinosaurs.  S 
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ocean  floor  is  a  window  to  the  earth's  upper 
mantle  -  and  this  is  where  the  geologic 
action  is. 

With  this  workable  model  of  the  earth's 
crustal  evolution,  we  will  see  academic 
science  and  its  application  to  technology 
drawing  ever  closer  together.  With  better 
science  we  will  be  able  to  make  predictions 
with  confidence.  By  1980  1  suppose,  for 
example,  that  we  will  have  achieved  a  clear 
understanding  of  the  earthquake  mechanism 
whereby  it  will  be  possible  to  predict  earth- 
quakes with  considerable  accuracy. 


OCEAN  FLOOR  IN  THE 
DECADE  AHEAD 
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Past  is  prelude  -  so  we  can  best  presage 
the  decade  ahead  by  recalling  trends  and 
advances  since  1960,  or  better  since  the  end 
of  World  War  II,  remembering  the  accel- 
erating pace  of  technology.  1  propose  to 
discuss  here  the  marine  geology  and  geo- 
physics of  the  ocean  floor  in  the  decade 
ahead.  The  sea  bed  is  the  world's  great  third 
surface,  the  others  of  course  being  the  land 
and  the  sea  surfaces.  It  is  in  the  nature  of 
things  that  these  surfaces  are  more  in> 
portant  than  the  volumes  or  'spheres'  which 
make  up  our  earth  for  it  is  on  the  surfaces 
that  the  main  energy  exchanges  take  place. 

Sea   floor   spreading   and    the   new  global 
tectonics 

In  the  present  decade  we  have  witnessed 
a  great  breakthrough  in  the  understanding 
of  ocean  basin  evolution  based  upon  the 
concept  of  sea  flooi  spreading  with  its 
corollaries  of  transform  faulting,  continental 
drift  and  rigid  plate  tectonics  -  together 
comprising  what  has  been  termed  the  new 
global  tectonics.  Over  the  years  we  have 
seen  tectonic  models  come  and  go.  but  I 
believe  that  with  this  concept,  whereby  new 
oceanic  crust  is  generated  at  mid-ocean  ndge 
and  resorbed  into  the  mantle  at  trenches,  we 
have  achieved  a  model  which  will  be  elab- 
orated upon  but  not  discarded  over  the  next 
decade.  The  new  model  implies  that  all 
ocean  floors  are  new  and  that  about  one 
third  of  the  ocean  floor  has  been  renewed 
(resurfaced  with  new  crust)  in  the  past  70 
million  years  alone.  It  means,  too,  that  the 


Deep  Research  Vehicles 

Although  they  now  play  but  a  minor 
role  in  producing  scientific  results,  DRVs  in 
the  decade  ahead  will  become  increasingly 
important  in  opening  up  the  ocean  floor.  In 
1965  with  ONR  support  1  joined  Jacques 
Piccard  in  initiating  the  Navy's  first  deep 
submergence  effort  with  the  Trieste  making 
26  dives  in  the  Mediterranean.  At  the  turn  of 
the  decade,  1  was  fortunate  in  being  topside 
while  the  Trieste  dove  seven  miles  down  in 
the  Challenger  Deep,  the  deepest  hole  in  the 
deepest  ocean.  Since  these  "early  days"  we 
have  seen  the  development  of  an  impressive 
array  of  American  DRVs.  It  has  been 
peculiarly  an  American  success  stor>',  paced 
largely  by  industry.  Unlike  the  much- 
publicized  race  to  the  moon,  the  Soviets 
never  got  off  the  ground  (or,  rather,  beneath 
the  sea)  in  this  sector  of  technology. 

Unfortunately,  at  present  the  scientific 
utilization  of  DRVs  is  in  the  doldrums. 
There  is  only  about  30  percent  usage  of  the 
available  vehicles.  Potential  users  in  industry 
in  the  scientific  community  (other  than  the 
Navy)  lack  the  funds  to  use  these  expensive 
facilities.  Recently  it  was  proposed  that  the 
government  through  ONR  block  fund  three 
million  dollars  to  subsidize  the  use  of  DRVs 
by  oceanographers,  but  this  funding  has 
failed  to  materialize  to  date.  Clearly  some 
governmental  support  is  needed  to  get  the 
DRV  program  moving  and  to  promote  its 
use  by  scientists  such  that  sophisticated 
instrumentation  will  eventually  be  placed 
aboard  these  vehicles.  When  this  occurs,  the 
DRV  program  should  gain  momentum.  In 
this  next  decade  the  dream  of  oceanogra- 
phers to  go  down  into  the  sea  in  ships 
should  be  realized.  We  will  pierce  the  veil  of 
the  ocean  surface  which  heretofore  has  re- 
flected only  the  sky. 


Deep-Sea  Drilling  Project 

At  this  point  in  time,  we  should  take 
special  notice  of  the  Deep-Sea  Drilling 
Project  (JOIDES)  now  coring  in  the  western 
Pacific  out  of  Hawaii.  By  any  mca.sure,  the 
Deep-Sea  Drilling  Project  has  already  been 
an  outstanding  success.  We  all  now  should 
realize  that  it  is  the  way  the  defunct  Mohole 
Project  should  have  gone  m  the  tlrst  place. 

We  may  list  among  its  accomplishments 
within  the  Atlantic  Basin  the  following;  The 
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Deep-Sea  Drilling  Project  proved  for  the 
fust  tine  the  feasibility  of  drilling  in  the 
oceaijc  realm  -  at  depths  up  to  20,000 
feet.  I:  bowed  that  salt  domes,  cap  rock, 
and  bjlpbur  can  form  at  abyssal  depths  and 
that  o  I  and  gas  can  be  generated  and  can 
accum>:late  there.  It  drove  the  age  of  the 
oldes!  rocks  it  recovered  from  the  oceans 
back  to  the  late  Jurassic  and  indicated  that 
signitiiaut  older  sediments  are  likely  to  be 
found  with  deeper  drilling.  It  has  tended  to 
confirm  sea  floor  spreading  and  the  youth 
of  ocean  basins.  It  demonstrated  the  wide 
occurre.-ce  of  turbidites  in  the  deep  ocean 
and  residted  in  a  discovery  of  a  widespread 
Eocene  chert  blanket  in  the  North  Atlantic 
(Layer  "A").  It  is  worth  noting,  in  passing, 
that  th-  really  significant  accomplishments 
of  this  project  have  not  relied  on  any  new 
science,  instead,  the  precise  age  determina- 
tions aiid  the  environmental  interpretations 
achieveci  are  being  provided  by  the  most 
classic  of  the  classical  disciplines  of  geology 
—  that  of  paleontology. 

I  understand  that  there  is  under  con- 
sideration a  proposal  to  extend  this  project 
with  National  Science  Foundation  support. 
I  anticipate,  and  certainly  hope,  that  the 
drilling  of  the  deep  ocean  floor  for  scientific 
purpo:.e5  prospers  during  the  coming 
decade 


New  Methods 

A  science  is  only  as  good  as  its  instru- 
ments. In  the  current  decade  we  have 
witnessed  some  important  breakthroughs  in 
geophysical  instrumentation  which  have 
created  a  revolution  in  our  understanding  of 
ocean  basins.  One  of  these  is  the  towed 
magneiometer.  It  has  revealed  large 
anomalies  in  the  total  field  of  the  ocean 
floor  forming  stripped  patterns.  These 
combined  reversals  of  the  polarization  of 
the  eanb's  field  have  not  only  confirmed 
the  concept  of  sea  floor  spreading,  but  have 
quanti'.ized  it.  The  ocean  floor  has  been  a 
magnetic  tape  recorder  as  new  crust  has 
been  created  and  moved  outward  from  the 
mid-ocean  rifts.  The  growth  of  the  ocean 
floor  can  be  measured  like  so  many  tree 
rings. 

Secondly,  continuous  seismic  reflection 
profiling  which  has  given  us  a  sort  of  X-ray 
radiographic  view  of  the  sedimentary  layers 
on  the  ocean  floor  to  the  depth  of  a  few 
kilometers.  The  technique  also  clearly  dif- 
ferentiare.s  between  turbidite  layers  and 
pelagic  sediments.  Due  to  this  technique,  we 
are  developing  a  knowledge  of  the  sedimen- 
tary basins  on  the  sea  floor  which  is  superior 
to  thai  v/hich  we  have  on  the  continents. 
With  more  powerful  sound  sources  in  the 
coming  years  we  should  be  able  to  obtain 
reflection  profiles  down  to  the  Moho  dis- 
continuity. 

Another  breakthrough  has  been  satellite 
navigation  which  is  perhaps  the  most  signifi- 
cant development  in  navigation  since  the 
invention  of  the  chronometer  by  John 
Harrison.    The    precise    positions    achieved 


make  true  oceanic  surveys  feasible  for  the 
first  time.  In  the  next  decade  we  should  see 
much  sophistication  of  the  echo  sounding 
and  related  techniques  such  as  will,  for 
example,  permit  a  broad  swath  of  the  ocean 
floor  to  be  surveyed  by  a  fanshaped  array  of 
narrow  beam  projectors  and  a  bathymetric 
map  simultaneously  drawn  up  of  the  ocean 
floor.  By  1980  we  should  have  made  im- 
pressive strides  in  the  total  mapping  of  the 
ocean  basin. 


Manpower  Requirements 

Oceanography  has  been  widely  publi- 
cized with  the  result  that  enthusiasm  for  the 
field  has  grown  more  rapidly  than  its  fman- 
cial  base.  Even  some  of  the  observed  growth 
of  oceanography  has  been  fictitious,  as  it 
has  depended  upon  an  expansion  of  the 
definition  of  the  term. 


University  curricula  in  oceanography  has 
been  greatly  expanded,  but  unless  the 
present  manpower  ceilings  in  government 
laboratories  are  eased,  the  prospects  for 
employment  in  this  sector  at  least  are  dim  at 
present.  Hopefully,  this  is  a  temporary  con- 
dition. 

In  the  long  run,  I  suppose  the  demand 
for  oceanographers  to  study  the  ocean  floor 
will  remain  reasonably  brisk.  Perhaps  the 
main  reason  is  that  the  ratio  of  professionals 
to  technicians  and  support  personnel  in 
industry,  in  government  and  at  research 
centers  will  continue  to  increase.  The  uni- 
versities today  appear  to  be  turning  out 
more  than  enough  marine  geologists  to 
satisfy  current  demand.  However,  there  is  a 
great  dearth  of  marine  geophysicists  and 
marine  engineers  -  a  gap  that  promises  to 
open  up  further  in  the  coming  years. 


Ocean  Floor  Resources 

Beyond  the  shelves,  whose  geology  is 
simply  an  extension  of  continental  geology, 
the  picture  of  ocean  floor  resources  is  not 
bright.  The  ocean  floor  clearly  has  no  poten- 
tial as  a  storehouse  of  minerals  like  the 
Canadian  Shield  and  other  Archean  terranes. 
By  the  sea  floor  spreading  concept,  we 
know  that  the  oceanic  crust  is  a  first  differ- 
entiate of  the  mantle's  peridotite.  It  is 
composed  of  the  common  volcanic  rock 
called  basalt  -  and  the  ocean  floor  variety 
(tholeiite)  is  of  a  remarkably  uniform  and, 
resource-wise,  uninteresting  type.  The  ocean 


crust,  like  Hawaii  and  Iceland,  have  little 
potential  for  mineral  resources.  Geologists 
would  be  much  happier  if,  as  many  pre- 
dicted, the  sea  floor  had  turned  out  to  be 
underlain  by  the  early  crust  of  the  earth. 
There  is  some  promise,  of  course,  in  the 
phosphate  and  manganese  nodules,  and  their 
associated  trace  elements,  that  have  been 
coUoidally  precipitated  on  the  ocean  floor, 
but  it  seems  doubtful  that  these  will  be 
exploited  by  1980.  The  greatest  potential 
lies  in  the  great  prisms  of  young  post-mid- 
Mesozoic  sediments  which  comprise  the 
continental  rises,  as  they  offer  an  enormous 
potential  for  gas  and  oil  when  technology 
can  be  advanced  sufficiently  to  be  able  to 
tap  them,  in  the  interim  any  political  move 
to  prevent  the  movement  of  the  oil  industry 
offshore,  for  reasons  such  as  the  recent 
Santa  Barbara  oil  spill,  would  stifle  develop- 
ments for  years  to  come. 

"Blue  sky"  predictions  abound  as  to  the 
sea's  "unlimited  resources."  Unrestrained  by 
practical  considerations,  artists  create  draw- 
ings which  have  that  certain  dream-Uke 
quality.  Brochures  show  undersea  cities 
frequented  by  men-fish  and  midget  sub- 
marines zooming  through  crystal  clear 
water.  But,  in  realism,  the  ocean  is  murky 
and  so  is  its  future.  Science  cannot  compete 
with  science  fiction. 

By  1980  the  problems  of  this  world  will 
no  longer  be  those  of  man  against  nature 
but  rather  of  man  against  man.  In  this  con- 
text we  will  have  to  strike  up  a  symbiotic 
relationship  with  the  ocean  rather  than 
simply  exploiting  it.  We  will  also  need  a 
workable  body  of  international  law  for  we 
cannot  proceed  under  the  dictum  that  he 
who  rules  the  waves,  waves  the  rules. 

The  ocean's  recoverable  resources  are 
finite  and  severely  constrained  by  energy 
requirements  for  extracting  them.  The 
oceans  are  mostly  blue  but  this  is  the  desert 
color  of  the  sea  indicating  a  dearth  of  the 
nutrient  salts  or  fertilizing  phosphate  and 
nitrates.  The  ocean  offers  no  cornucopia  of 
food  or  mineral  resources  on  the  scale 
needed  to  cope  with  the  population  ex- 
plosion. In  any  event,  the  human  spirit  will 
not  burn  brightly  in  a  world  where  there  is 
standing  room  only.  Let  us  not  deceive  the 
people  into  bebeving  that  "inner  space"  is 
their  ace-in-the-hole. 
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PRII'4ITI VE  EARTH;  A  MARINE  uEOLOalST'S  APPRAISAL  -  Robert  S.  Dietz 

It's  a  great  pleasure  to  be  here  today  and  to  see  this  fine  new 
geology  building.  Let  me  say,  at  the  outset,  that  we  have  heard  a  lot 
of  bizarre  ideas  so  far  today.  I  will  not  disappoint  you  by  agreeing 
with  anyone.  Our  disagreement  may  be  an  example  of  Theobold's  law 
which  says  "Nature  is  usually  wrong," 

Over  the  past  decade  or  two  the  earth's  age  has  increased  at  an 
alarming  rate — of  something  like  a  million  years  each  week.  As  of 
yesterday,  the  quotation  on  the  earth's  age  was  ^.5  billion  years,  but 
today  I  don't  know.  I  can  only  assure  you,  that  when  I  finish  this 
talk,  the  earth  will  be  exactly  one  microcentury  older. 

I  would  like  to  discuss  the  primitive  earth  in  terms  of  the  ocean 
floor  which  dominates  this  planet;  the  deep  ocean  basins  covering  3/5 
of  its  entire  surface.  I  would  like  to  speak  in  terms  of  what  has  been 
termed  "the  new  global  tectonics";  that  is  in  terms  of  sea  floor 
spreading,  transform  faulting,  rigid  crustal  block  tectonics  and 
continental  drift.  Figure  1  is  a  simplified  diagram  of  the  spreading 
concept;  i.e.  the  conveyor  belt  model  of  the  earth  with  the  mantle 
being  active.  The  mantle,  of  course,  composes  the  large  bulk  of  the 
earth  (some  80y^)  and  is  much  like  the  original  substance  of  the  earth; 
the  original  chondritic  substance.  The  core  composes  another  20^^,  and 
the  sialic  continents,  which  I  will  call  the  crust,  just  a  mere  1«.  In 
other  words,  the  crust  is  just  about  as  rare  as  the  argon  in  the 
atmosphere.  It  is  a  special  substance. 

Although  geologists  differ  in  our  view,  we  do  have  one  point  of 
agreement.  It  is  that  the  mountains,  the  earthquakes  and  all  of  the 
tectonic  processes  we  witness  are  not  Acts  of  aod.  On  the  contrary,  it 
seems  to  be  the  work  of  the  Devil. 

We  have  learned  (figure  3)  in  recent  years  that  the  oceans  are 
very  young  domains.  It  was  hoped  some  years  ago  that,  with  the  Mohole, 
we  might  discover  the  Archean,  the  earliest  aeon,  beneath  the  sea.  The 
ocean  floor  would  then  provide  a  complete  section  of  the  earth  back 
into  early  Precambrian  times.  We  now  know  that  such  will  never  be 
found;  that  in  fact  the  sea  floor  is  a  very  young  domain.  These 
seamounts  of  the  mid-Pacific  (figure  3)  were  first  thought  to  be  by 
Hesse,  Precambrian  in  age  but,  when  dated,  they  turned  out  to  be 
Cretaceous.  In  fact,  whenever  we  go  back  into  the  geologic  history  of 
ocean  floors,  we  draw  a  blank  after  only  about  150  million  years  ago, 
or  latest  Jurassic.  We  have  dredged  some  500  pre-Holocene  samples  from 
the  ocean  floor  none  of  which  goes  back  beyond  150  million  years.  So 
it  is  a  young  dranain. 

The  oldest  rocks  we  know  of  on  earth  are  about  3 '5  billion  years 
old.  As  the  earth  is  ^.5  aeons  old,  we  have  a  lost  aeon  for  which  we 
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have  no  geologic  record.  We  can  envision  that,  perhaps,  the  early 
earth  was  like  the  moon  before  the  earth's  heart  had  warmed  up.  The 
lunar  surface  gives  us  some  feeling  for  the  early  appearance  of  the 
earth  with  no  continents  and  with  no  ocean  basins.  The  lunar  maria 
do  not  appear  to  be  ocean  basins;  they  appear  to  be  large  extrusive 
lopoliths.  The  moon  is  sort  of  a  layman's  version  of  a  planet;  simply 
a  rock  in  space  with  no  internal  activity.  In  the  earth,  however,  we 
have  an  active  mantle  which  is  the  prima  mobile  of  earth  tectonics. 

In  terms  of  the  new  global  tectonics  (figure  4),  we  must  concern 
ourselves  with  the  mid-ocean  rise,  which  encircles  the  earth  and  which 
is  thought  to  be  the  center  of  upwelling  or  spreading;  the  opening  up 
part  of  the  earth  where  new  crust  is  being  generated  while  the  trenches 
are  the  take-up  part  of  this  conveyor  belt  system.  In  this  model  as 
now  envisioned  by  Lament  and  Princeton  workers — and  I  believe  correctly— 
the  earth's  crust  appears  to  consist  of  a  thick  lithosphere,  some  100 
kilometers  thick,  and  the  crustal  blocks  rotate  relative  to  each  other 
in  a  conveyor  belt-like  fashion.  New  crust  is  being  generated  in  the 
mid-ocean  rises  and  descending  into  the  trenches.  The  rigid  lithosphere 
is  entrained  only  in  a  secondary  sense  by  the  thermal  convection  cells 
of  the  earth's  mantle. 

This  (figure  5)  simply  shows  the  concept  from  a  recent  paper  by 
Isachs  and  others  of  the  lithosphere  as  being  100  kilometers  thick.  It 
moves  into  a  trench  zone  as  the  downward  part  of  this  conveyor  belt.  A 
decade  ago  at  least  my  conviction  about  sea  floor  spreading  was  based 
upon  the  "take-up"  of  oceanic  crust  in  trenches  but  now  the  best 
evidence  for  a  conveyor  belt  ocean  floor  comes  from  the  generation  of 
new  crust  at  the  mid-ocean  rises. 

We  have  learned  that  the  ocean  is  an  entirely  new  domain,  quite 
unlike  the  earth,  and  the  section  is  entirely  new.  The  oceanic  rocks 
are  different  and  the  ocean  basin  windows  into  the  earth's  upper  mantle. 
From  the  ocean  floor  we  can  learn  something  about  the  early  earth, 
because  it  offers  us  a  new  view  of  global  tectonics.  As  already  noted, 
the  ocean  floor  is  quite  young,  and  we  cannot  learn  much  about  the  early 
earth  by  the  rocks  of  the  ocean  floor  themselves  but  only  by  using  this 
window  into  the  earth~a  vast  Moholicic  surface,  so  to  speak— 2/3  the 
size  of  the  earth,  to  learn  more  about  the  inner  workings  of  this  big 
clock  of  ours  and  to  see  how  it  ticks. 

I  would  like  to  pass  from  the  ocean  floor  itself  and  view  the 
continents  (figure  6)  in  terms  of  the  new  global  tectonics  to  show  how 
we  might  use  this  new  insight  to  understand  the  continents  themselves. 
Continents,  in  my  view,  represent  the  primitive  elements,  and  we  must 
study  them  to  see  the  primitive  rocks  of  the  earth.  To  explain  this, 
I  will  delve  into  the  question  of  geosynclines.  Indeed  these  seem  to 
be  not  only  the  precursors  of  mountains,  but  also  the  basic  building 
blocks  of  the  continents  themselves.  You  will  recognize  this  as  the 
tectogene  concept  of  geosynclines  (a  common  concept,  especially  in  days 
gone  by  but  not  accepted  today)  as  to  how  geosynclines  are  the  precursors 
to  mountains. 


More  commonly  today  (figure  ?)  is  the  concept  of  what  we  may  call 
the  "Kay-type"  geosyncline.  Like  the  last,  it  is  an  ensialic  geosyncline 
laid  down  upon  sial,  upon  the  granitoid  crust  of  the  earth  (the  type  of 
geosyncline  which  Dr.  Clifford  prefers),  and  showing  the  two  basic 
elements  of  these  geosynclinal  provinces;  the  miogeosyncline  and  the 
eugeosyncline,  and  in  turn  the  other  elements,  the  tectonic  borderland 
and  the  offshore  island  arc. 

Next  (figure  8),  I  would  like  to  point  out  that  it  is  possible  to 
perform  certain  surgery  on  this  geosynclinal  concept,  and  throw  out 
certain  elements  which  have  been  inferred  to  exist,  but,  in  fact,  are 
erosional  realms  and  at  least  do  not  now  exist  in  the  field.  We  take 
the  miogeosyncline  and  the  eugeosyncline,  using  the  same  elements  as  in 
the  previous  diagram,  and  then  place  a  continental  slope  between  the 
two  sedimentary  prisms  and  drop  down  the  eugeosyncline  in  the  fashion 
shown.  This  is,  of  course,  gross  surgery,  but  I  think  the  patient 
survives. 

Figure  9  is  ^  revised  version  of  figure  8  to  show  it  in  terms  of 
an  actualistic  model,  whereby  now  the  miogeosyncline  becomes  a  continental 
terrace  prism.  We  have  added  the  continental  slope,  the  boundary  between 
the  sial  and  sima,  everywhere  in  evidence  around  the  world;  the  eugeo- 
syncline is  laid  down  as  a  turbidite  prism  ensimatically,  laid  down  on 
the  ocean  floor  as  a  continental  rise,  as  a  great  prism  of  turbidites. 

If  we  look  at  the  Last  Coast  today  (figure  10),  we  have  this  sort 
of  picture,  from  Heezen,  and  therefore  my  version  is  what  one  might  call 
an  actualistic  model.  This  would  be  the  situation  off  Cape  Hatteras. 
Only  recently  have  we  realized  the  vast  size  of  these  eugeosynclinal 
prisms — these  continental  rise  prisms;  how  important  they  are;  how  large 
they  are;  and  how  they  must  play  some  role  in  geologic  history.  They 
are  all  post-Jurassic  in  age,  but  of  enormous  size.  This  represents 
great  erosion  of  the  continents.   Now,  the  continents  can't  stand  up  to 
all  this  erosion  unless  there  is  some  way  to  return  this  material  to 
the  continents;  somehow  to  feed  back  this  lost  substance  so  as  to 
rebuild  the  continents  through  geologic  time.  It  is  evident  that  we 
have  had  dry  land  at  least  since  the  latest  Silurian  when  the  first 
vascular  plants,  the  psilophites,  first  evolved.  The  continents  have 
retained  subaerial  free-board  ever  since,  thus  we  have  been  able  to 
preserve  the  continental  massifs  as  subaerial  bodies. 

Again,  just  to  show  these  prisms  (figure  11)  and  their  vast 
importance  in  the  marine  geologic  realm,  this  illustrates  these  fringing 
prisms  we  term  the  continental  rises  which  we  see  in  the  oceans  today. 

This  (figure  12)  is  an  example  of  a  modern  turbidite  such  as 
those  comprising  these  prisms.  You  can  recognize  the  usual  fossils: 
Canis  vulgaris  and  the  good  5<p   cigar. 

If  we  look  at  this  in  terms  of  the  world  today,  we  see  here  an 
example  of,  say,  Japan  or  the  Aleutian  arcs.  We  see  ocean  floor  going 
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down,  we  see  the  collapsing  prism  and  we  see  entrained  the  collapsed 
prism.  Here  you  would  expect  a  high  dynamic,  high  load  metamorphism 
but  low  temperature  on  the  oceanward  side.  This  would  change  to  high 
thermal  and  low  load  metamorphism  on  the  landward  side,  I  think  you 
see  this  today  in  arcs  such  as  Japan, 

In  a  time  sequence  diagram,  we  can  offer  a  model  like  this,  (figure 
13) •  In  the  bottom  panel  this  prism  is  collapsed,  and  you  have  intrusion 
of  this  prism  by  partial  fusion  of  material  going  down  into  the  mantle. 
As  Dr,  Kennedy  pointed  out,  there  is  an  awful  lot  of  tholeiitic  basalt 
in  the  world  but  it  still  isn't  what  continents  are  composed  of.  They 
are  composed  mainly  of  granitoid  rocks,  I  believe.  It  takes  a  lot  of 
geology  to  make  granite.  You  can  generate  these  tholeiitic  basalts  in 
the  mid-ocean  regions  quite  properly,  but  then  you  must  reprocess  these 
in  some  way.  You  must  translate  them  by  conveyor  belt,  to  the  continental 
margins  into  trenches,  and  have  the  hyperfusibles  come  off  as  grandiorites 
and  andesites  and  intrude  the  folded  prisms  to  account  for  the  development 
of  truly  sialic  continents.  Also,  by  this  same  process,  small  pods  are 
broken  off  which  are  pieces  of  ocean  floor;  serpentine  and  peridotite. 
These  pods  are  incorporated  into  the  euge ©synclinal  prism,  and  you  will 
see  that  if  you  break  these  off,  the  granites  are  always  younger  than 
the  sediments.  They  intrude  the  sediments  as  was  discovered  in  Canada 
in  the  last  century  by  Andrew  Lawson. 

We  cannot  look  to  granites  for  primitive  material  in  view  of  the 
generally  accepted  cold  earth  hypothesis,  but  perhaps  we  can  look  to 
the  ultrabasic  pods  which  are  invariably  older  than  the  sediments  in 
which  they  are  contained. 

We  can  look  at  the  earth,  then,  in  terms  of  an  accretionary 
regime  in  which  I  would  disagree  with  all  of  these  curves,  but  draw  one 
which  was  first  quite  rapid  then  tailing  off.  The  accretionary  amount 
would  be  on  the  order  of  10  or  15i   since  the  beginning  of  the 
Phanerozoic,  but  that  is  only  6OO  million  years  ago  and  this  is  only 
lOjli   of  geologic  time  or  13^,  so  it  is  more  or  less  linear.  This  is  a 
diagram  (figure  1^)  of  the  Appalachian  region  to  show  how  one  would 
incorporate  a  prism  and  how  this  appearance  of  accretion  is  real.  This 
is  an  accordian  model  of  the  earth  rather  than  a  layer-cake  model. 

This  (figure  15)  is  similar,  but  refers  to  all  of  North  America, 
showing  the  new  Phanerozoic  elements  on  either  side.  It  shows  these 
new  accretionary  belts  on  either  end  of  the  United  States  as  truly 
accretionary  elements.  They  would  be  if  they  were  laid  down  ensimatically 
on  the  ocean  floor.  We  would  date  these  as  less  than  800  m.y.  by  Professor 
Hurley's  break  in  the  dating  sequence. 

If  we  take  out  a  deep  slice  out  of  the  earth,  from  say  Oiiio 
(figure  16),  we  find  this  general  sequence  of  the  cratonic-cover  beds 
which  are  largely  undisturbed.  Below  this  we  pass  into  the  basement 
complex  commonly  called  the  Archean,  but  this  term  is  a  tectonic  facies 


D-5 


rather  than  a  time  unit.  Collapsed  continental  rises  form  this 
cratonized  basement  complex  which  contain  the  intrusive  granites.  These 
granites  intrude  older  sediments  which,  in  turn,  contain  ultrabasic  pods, 
Since  there  probably  is  no  such  thing  as  ultrabasic  magma — i.e.  no  such 
thing  as  peridotite  magma — these  would  always  have  been  cold  and  not 
melted  and  would  represent  the  most  primitive  material  we  can  hope  to 
find  on  earth.  So,  if  we  wish  to  look  for  the  primitive  cru^t  of  the 
earth,  we  should  look  for  it  in  this  context.  We  should  not  look  for 
the  ocean  floor,  we  should  not  look  to  the  granites  which  are  younger 
than  the  meta-sediments  and  we  should  not  look  to  the  sediments. 
Instead  we  should  look  to  the  ultrabasic  pods.   If  we  look  back  to  the 
oldest  cratonic  nuclei,  the  oldest  areas  of  Manitoba,  Rhodesia,  Karelia, 
within  these  old  nuclei  we  will  find  ultrabasic  pods.   Perhaps  this 
material  will  be  most  like  the  original  chondritic  substance  of  which, 
presumably,  the  earth  was  made. 

I  would  tend  to  go  along  with  the  idea  of  accretion  being  real 
along  path  A'-B'-C'  (figure  1?)  rather  than  a  path  of  a  withdrawal  and 
reworking  of  the  continent  with  time  (A-3-C).  Much  of  the  accretion 
must  have  occurred  very  early,  especially  around  2,7  eons  ago.  At  this 
time  there  was  already  a  sizable  coire  which  was  circulating,  because 
we  have  rocks  of  this  age  containing  fossil  (remnant)  magnetism.  If 
they  have  this,  then  the  earth  already  should  have  had  a  magnetic  field, 
which  in  turn  means  the  earth's  core  was  raagneto-hydrodynamic.  That, 
perhaps,  was  the  initial  big  event  in  continent  formation,  but  this  has 
progressed  with  time. 

Looking  back  (figure  18)  from  the  primitive  earth,  I  think  we 
start  with  the  small  cratons  and  we  add  to  them  by  this  sea  floor 
spreading  and  add  belts  to  either  side.  Through  the  course  of  time, 
we  build  them  up  into  larger  and  larger  cratonic  units  through  earth 
history. 

Reviewing  this  thought  somewhat  (figure  19),  if  we  started  with  a 
tectogene  and  collapsed  the  crust,  we  would  end  up  with  a  smaller 
continent.  Also,  if  we  lay  down  a  eugeosyncline  ensialically  on  the 
edge  of  a  continent,  when  we  collapse  it,  the  continent  becomes  smaller. 
Under  this  view,  if  you  collapse  the  continental  rise,  even  though  the 
earth  contains  fold  belts,  this  does  not  mean  that  the  continents  have 
become  smaller.  The  continents  grow  larger  with  time  if  you  add  fold 
belts.  Now,  of  course,  you  must  add  new  material  as  well  as  reprocess 
the  old  material  carried  from  the  continents.  We  must  add  a  certain 
amount  of  juvenile  material  to  make  the  continents  grow.  You  do  this 
through  having  raid-ocean  tholeiitic  basalt  reworked  by  partial  fusion 
into  granites  and  other  silicic  rocks  which  have  the  necessary  buoyancy 
to  become  continents. 

If  we  look  back  into  early  mid-Oirdovician  time,  we  have  a  picture 
like  this  (figure  20),  adapted  from  Kay  but  not  quite  in  his  terms.  It 
shows  no  island  arcs,  etc.,  but  instead  broad  continental  shelves  and 
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continental  rises.  These  would  be  later  accreted  to  the  continent  to 
make  it  grow  as  we  see  it  today. 

If  we  cut  a  section  (figure  21)  out  of  North  America,  we  see 
accretionary  belts,  the  Appalachian,  the  Grenville,  etc.  I  would  go 
along  here  with  Hurley  in  saying  that  if  we  drilled  down  into  the  earth 
by  a  bore  hole,  the  date  we  got  at  the  top  would  be  the  same  as  the 
date  we  got  down  at  the  bottan.  This  is  not  a  layer  cake  view  of  the 
basement  of  continents  but  rather  an  accordian-like  picture. 

This  (figure  22)  is  also  an  accordian-like  picture  which  I  propose 
for  a  contrast  with  a  standard  model.  I  simply  show  this  to  wonder  if 
continents  were  plastered  on  the  bottan  and  if  the  continents  had  not 
been  rifted  and  drifted  and  if  they  had  not  been  accreted,  vrfiy  do  they 
have  continental  slopes?  The  continents  do  have  abrupt  boundairies,  which 
we  call  the  continental  slopes.  If  a  continent  were  plastered  with  new 
substance  on  the  bottan  you  would  expect  it  to  tail  out  sane  way.  You 
would  not  have  the  abrupt  edges  to  the  continental  masses,  and  this  is 
a  fact  of  life  we  must  live  with  and  explain.  This  is  explainable  in 
terms  of  accretion,  because  by  plastering  things  on  the  side,  by  making 
a  new  orogene,  by  making  a  new  fold  belt  on  the  side  of  a  continent, 
you  can  generate  from  time  to  time  a  new  continental  slope.  Also  by 
rifting  it  and  by  modifying  this  rift,  we  can  also  generate  a  continental 
slope  of  the  Atlantic  type.  By  accretion  we  can  generate  one  of  what  we 
might  call  a  margin  of  the  Pacific  type. 

This  (figure  23)  is  to  show  that  we  have  a  certain  ratio  of 
continents  to  ocean  basins  on  the  earth  today.  The  ratio  of  sial  by 
volume  to  sea  water  is  about  ^■,5   to  1  in  the  present  earth;  the  deep  oceans 
are  essentially  5  kilometers  deep.  In  terms  of  isostasy  one  can  balance 
this  out  and  you  can  indeed  show  that  the  thickness  of  continents  is  a 
function  of  the  depth  of  the  ocean.  The  continents  must  be  approximately 
7  times  as  thick  as  the  ocean  is  deep.  This  is  a  very  basic  fact  of 
geology,  and  if  you  tamper  with  the  size  of  earth,  if  you  expand  it  or 
contract  it,  you  raise  havoc  with  the  earth.  If  one  assumes,  along  with 
Warren  Carey,  that  the  earth  has  doubled  in  area  since  the  Paleozoic, 
one  derives  figures  requiring  the  crust  to  have  been,  maybe,  70  kilaneters 
thick  in  the  Paleozoic,  and  you  have  to  infer  that  35  kilaneters  have 
been  eroded  from  the  continental  cratons  since  that  time  which  is 
patently  ridiculous.  On  the  other  hand,  this  ratio  of  ^,5  controls  the 
total  area  of  continents,  not  their  geographic  form  or  distribution.  It 
controls  only  their  total  area  as  being  two-fifths  of  the  earth, 
essentially  200  million  square  kilometers. 

We  can  change  this  ratio  (figure  24)  and  we  can  infer  that  there 
was  a  different  ratio  than  4,5t  but  one  can  still  show  that  there  would 
still  be  continents  and  ocean  floor.  The  point  here  is  that  we  have 
these  continents  which  are  sea-level  bodies.  Now,  if  we  collapse 
continental  rises,  the  thickness  of  these  rises,  which  grow  to  be  about 
40,000  feet  thick,  is  controlled  isostatically  by  the  depth  of  the  ocean 
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plus  isostasy.  Then,  by  collapsia^  these  continental  rises,  you  insure 
that  you  have  a  mass  sialic  rock  which  will  reach  sea  level,  and  continents 
do  reach  sea  level,   i^e  have  no  right  to  assume  that  continents  always 
reached  sea  level  because  we  know  there  are  other  forms  on  earth,  the  mid- 
ocean  rises,  which  never  reach  sea  level  except  in  Iceland.  The  continents 
invariably  reach  sea  level,  so  we  must  also  live  with  this  fact  as  well 
as  the  fact  that  they  have  abrupt  boundaries;  that  is,  that  continents 
attain  some  dry  (subaerial)  freeboard.  If  they  grow  much  higher,  of  course, 
they  are  quickly  eroded  down  to  sea  level,  are  ultra peneplained,  and 
remain  at  sea  level.  There  is  no  easy  way  to  submerge  a  continent  once 
it  is  above  sea  level,  but  getting  it  up  to  that  level  in  the  first  place 
is  an  important  aspect  of  geologic  history.   You  can  tamper  with  this 
ratio  (^.5:1)  and  assume  that  it  wasn't  lod-given,  and  make  it  less  or 
greater,  and  you  end  up  with  an  ocean  ^■   kilometers  deep  and  the  continents 
become  28  kilometers  thick  and  cover  24^  of  the  earth.  If  we  halve  this 
ratio,  we  had  ratios  of  4.5:1  to  2.5:1. 

If  we  go  the  other  vray  (figure  25)  and  double  this,  we  have  9 
parts  to  1,   k/e  also  change  the  configuration  of  the  earth,  only  the  total 
area  of  continents,  and  we  change  the  depth  of  the  ocean  floor  to  7.3 
and  the  area  of  continents  to  60^  rather  than  40b  of  the  earth.   So,  we 
can  tamper  with  this  amount  of  ocean  water:  the  volume  of  the  ocean  must 
be  more  or  less  conservative.  v<le   can  have  it  grow  slowly  with  time,  fie 
can  stand  having  it  grow  at  most  a  meter  per  million  years,  which  would 
be  linear  since  the  oceans  are  4.5  kilometers  deep  and  the  earth  is  4.5 
eons  old.  But,  perhaps,  it  is  a  bit  less  than  linear  and  we're  squeezing 
out  water  and  adding  sial  at  some  rate  less  than  that  whereby  the  ocean 
is  growing  a  bit  deeper  with  time,  but  the  continents  can  stand  that 
and  maintain  their  free-board,  and  we  can  expect  continents  which  exist 
through  time  in  these  terms. 

Figure  26  points  out  that  we  d£  have  these  two  separate  crustal 
columns—the  continental  segment  and  the  oceanic  segment — which  are 
isostatically  in  balance,  and  we  do  have  an  abrupt  transition  between 
these  two  levels,  and  that  the  ocean  floor  is  in  a  sense  a  window  into 
the  earth's  upper  mantle.  These  abrupt  margins  must  be  fitted  into  any 
satisfactory  model  of  earth  evolution,  3y  our  process  of  accretion  of 
continental  rises,  we  can  in  fact  do  this. 

Let  me  now  turn  to  the  subject  of  continental  drift.  First,  let 
me  agree  with  Dr.  Hurley  that  the  drift  in  the  last  150  million  years 
perhaps  is  a  unique  event,  at  least  in  its  great  scale.  At  least  we 
must  have  had  sparse  drift  prior  to  that  time,   iv'e  can  largely  account 
for  fragmentation  for  the  continents  as  we  see  them  today  in  terms  of 
this  Mesozoic  rifting  and  drift,  We  now  have  some  six  continents 
(figure  27)  and  some  other  micro-continents  plus  sub-continents  like 
India  and  iMew  Zealand.  The  continents  would  be  a  lot  more  fractured 
and  broken  up  if  we  d-id  not  restrict  this  drift  as  a  unique  event  in 
recent  time.  Why  this  suddenly  has  occurred  beginning  in  the  Jurassic, 
I  don't  know.  Perhaps  the  mantle  became  "restless"  in  some  way  as  a 
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result  of  wanning  up  to  the  point  where  this  new  type  of  ^^lobal  tectonics 
took  over.  There  is  sort  of  a  basic  thesis  here.  It  is  that  we  can't 
un(ierstand  the  primitive  earth  in  terms  of  the  global  tectonics  of  the 
last  130  million  years — sea  floor  spreading,  transform  faulting, 
continental  drift  and  the  conveyor-belt  crustal  motion.  This  may  be  an 
entirely  new  aspect  of  the  earth.   Prior  to  this  time,  we  may  have  to 
deal  with  other  concepts  of  what  tectonism  and  mountain-building  were 
like. 

Let's  take  a  look  (figure  28)  at  this  jig-saw  puzzle  of  drift  for 
a  moment,  just  touching  on  one  facet  of  it.  This  is  the  closing  of  the 
Atlantic  by  Bullard  et  al.  with  which  you  doubtlessly  are  all  acquainted. 
It  shows  the  fit,  not  only  of  Africa  into  South  America,  but  also  of 
Africa  into  North  America.  I  would  like  to  emphasize  this  a  bit,  because 
I  wonder  about  whether  it  should  be  questioned;  that  is,  the  fit  of 
Africa  into  North  America,  Certainly  the  fit  between  Africa  and  South 
America  must  be  valid.  The  evidence  for  drift,  I  think,  is  rather 
overwhelming  these  days,  and  you  will  recall  from  Hurley's  diagram  that 
there  are  discordant  elements  between  Africa  and  South  America  but,  in 
contrast,  between  Africa  and  North  America  there  are  these  parallel  or 
concordant  fold  belts.   Now,  if  you  were  to  collapse  the  Pacific  today 
you  would  end  up  with  concordant  fold  belts  in  Japan  and  in  California, 
but  this  wouldn't  necessarily  mean  drift  or  that  they  were  ever  together; 
it  only  means  parallel  evolution  of  marginal  geosynclines  which  fringe 
ocean  basins.   But  we  do  have  these  two  large  supercontinental  cratonic 
elements  which  we  call  the  Jondwana,  the  southern  hemisphere  group,  and 
Laurasia,  the  northern  hemisphere  group. 

This  is  another  fit  (figure  29)  which  I  recently  made  with  //alter 
Sproll  which  fits  very  well  with  Professor  Hurley's  geological  diagram 
in  Scientific  American.  It  places  Antarctica  against  Australia.  This 
is  based  on  a  computerized  fitting  of  the  isobaths  which  is  even  better 
than  the  South  America-Africa  fit.  The  total  overlap  and  underlap  fit 
is  only  about  the  size  of  the  state  of  Illinois, 

This  shows  our  fit  (Sproll  and  Dietz)  of  Africa  into  North  America, 
I'm  really  undecided  as  to  whether  this  illustration  is  valid  (figure  30) 
or  not  and  perhaps  the  Atlantic  has  in  fact  closed  and  opened  again, 
because  there  is  some  evidence  that  this  is  valid,  but  other  evidence 
that  we  really  don't  need  it  geologically.  Perhaps  the  lack  of  the  fact 
that  we  don't  need  it  geologically  really  explains  why  North  American 
geologists  have  been  sort  of  non-drifters.  They  haven't  needed  this  fit, 
I  wonder  about  it  myself,  I  am  inclined  to  agree  with  J.  T.  Wilson's 
belief  that  the  North  Atlantic  was  originally  open  but  that  it  closed 
in  the  mid-Paleozoic  and  then  opened  again  in  the  mid-Mesozoic. 

Now,  if  we  look  at  all  of  the  earth  (figure  31).  we  see  that  much 
of  it  is  below  sea  level.  This  shows  the  total  amount  of  earth  which 
one  may  regard  as  continental,  i,e,  sialic.  Regarding  all  of  the  earth 
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down  to  the  1,000  fathom  isobath  as  sialic,  you  end  up  with  40?  of  the 
earth  bein?  sialic  or  continental,  and  60,^  bein.^  ocean  basins.  The  ratio 
of  continents  to  ocean  basins  is  60:40  not  70:30  as  usually  quoted. 

If  you  sum  the  total  areas  up  (figure  32)  of  the  total  area  of  what 
we  presume  to  have  been  :}ondwana  and  what  we  presume  to  have  the  elements 
of  Laurasia,  you  end  up  with  these  two  supercontinents,  each  bein:^  about 
101  million  square  kilometers.  In  other  words  this  means  that  jondwana 
and  Laurasia  were  of  the  same  size.  This  perhaps  suggests  that  they  may 
have  evolved  separately  from  opposite  hemispheres  of  the  earth. 

For  a  primitive  earth  in  tenns  of  drift  reconstruction,  there  are 
two  options  (figure  33)»  One  is  to  go  back  to  a  Pangaea,  a  universal 
continent  merging  all  the  continents  together  and  accepting  the  iJorth 
Africa  bulge  to  North  America  fit  as  correct.  It  is  the  only  line  of 
contact  between  these  two  opposing  regions  of  the  earth  within  the  drift 
theory.  Alternately  we  can  go  back  to  another  sort  of  model  and  look  at 
the  earth  in  a  primitive  fashion  as  being  composed  of  two  elements; 
Gondwana  and  Laurasia,  If  sea  floor  spreading  was  in  process  in  early 
time,  there  could  be,  perhaps,  a  mid-ocean  rise  along  an  equatorial  belt, 
and  the  continents  then  could  be  placed  near  the  poles  where  they  would 
be  stable  and  not  under  any  disruptive  influence.  They  would  be  subject 
to  accretion  but  not  to  destruction  such  as  continents  are  experiencing 
today.  The  modern  continents  are  eroding  at  a  rate  whereby  '\orth  America 
would  be  ultra-peneplained  12  times  during  the  Cenozoic  alone,   ,ve  are 
losing  continental  substance  at  a  catastrophic  rate,   vVe  have  two  terms 
in  geology:   orogenesis,  meaning  mountain-making,  and  continent-making. 
Earthquakes  and  so  forth  are  constructive  mechanisms  so  far  as  geology 
is  concerned,  although  they  may  be  catastrophic  to  man's  culture.   .Ve 
gain  more  land;  we  gain  more  sial.  On  the  other  hand,  when  we  have 
pyrogenesis,  so-called  continent  building  of  which  the  Colorado  plateau 
is  an  example,  we  expose  great  areas  of  the  continent,  of  the  sialic 
block,  to  erosion,  and  we  actually  degrade  continents  and  we  lose 
substance  at  an  enormous  rate.  Here,  in  a  sort  of  stable  picture  of  the 
earth,  with  the  continents  being  over  convergent  zones,  the  earth  would 
have  a  minimum  erosion  and  maximum  construction.  It  is  evident  that  we 
need  to  have  the  continents  stay  with  us  through  geologic  times,  since 
we  still  have  them.  They  are  a  fact  of  life  and  we  have  to  explain  why 
we  still  have  dry  continents  on  the  earth  today. 

This  (figure  3^)  pertains  to  my  last  point.  The  Colorado  plateau 
is  an  example  of  epeirogenesis,  iVe  thought  at  one  time  this  high  plateau 
represented  a  thickening  of  the  sialic  layer.  Now  we  recognize  that  it 
seems  to  be  related  to  some  kind  of  tumescence  of  the  earth's  mantle.  A 
great  mass  of  rock  is  being  exposed  to  erosion,  the  continents  are  being 
degraded  today  by  such  epeirogenesis. 

In  terms  of  the  new  global  tectonics,  we  would  explain  this  in 
terms  of  the  mid-ocean  rise  running  under  western  North  America  and 
causing  this  tumescence  of  the  mantle  and  in  turn  up-arching  the 
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continent  to  form  the  great  Rocky  Mountain  arch.  Now,  this  again  is 
explaining  things  in  terms  of  new  global  tectonics  vriiich  doesn't 
necessarily  apply  prior  to  the  pre-mid-Mesozoic.  Epeirogenesis,  as  we 
now  know  it,  may  be  a  modern  thing.  Certainly,  the  history  of  the  earth 
has  been  typically  one  of  ultra-peneplanation,   iVe  see  examples  in  the 
cyclothem  sedimentation  of  the  Pennsylvanian  where  a  small  rise  of  sea 
level  of  some  feet  causes  incursion  of  the  sea  as  much  as  500  miles. 
Last  June  I  had  the  pleasure  of  going  down  the  Colorado  in  a  rubber 
boat  and  seeing  the  world's  largest  outcrop,  iVonderful  unconformities 
occur  within  the  section.  There,  also  you  have  this  impression  of 
ultra-peneplanation.  There  are  no  paleo-jrand  Canyons  in  the  geologic 
section  today.  There  are  small  valleys,  etc.,  and  minor  knolls  and  so 
forth,  but  you  don't  really  see  any  evidence  of  epeirogenesis  on  a  scale 
which  would  cause  such  great  canyons  in  the  past.  Otherwise,  how  could 
we  maintain  the  cratonic  cover  we  now  have,  not  only  of  the  Paleozoic 
but  of  the  Precambrian  in  parts  of  the  earth  today.  We  must  believe  in 
the  historic  stability  of  the  earth,  by  and  large.  Also  we  must  maintain 
the  freeboard  of  continents  and  the  depth  of  the  oceans  as  conservative 
aspects  of  the  world. 

There  is  another  type  of  mountains  today—the  Himalayan  type 
(figure  35)  ^ere  you  have  the  impingement  of  one  block  of  the  piece  of 
Gondwana  which  hit  a  piece  of  Laurasia  throwing  up  the  Himalaya  Mountains 
and  causing  a  slab  of  sial  which  is  not  35  kilometers  thick  but  70 
kilometers  thick,  and  you  have  the  ramparts  of  the  Himalayas  which  are 
15.000  feet  high.  In  other  words,  here  you  have  a  mountain  range  which 
is  as  high  as  the  oceans  are  deep,  high  as  the  continental  slope,  and 
this  presumably  is  for  the  same  reason;  that  you  have  a  double  continental 
thickness  and  therefore  by  isostasy  you  have  here  what  you  might  regard 
as  a  continental  slope  here  on  land.  This  is  very  special  sort  of 
mountain  range  which  is  again  related  to  drift  and  a  type  of  mountain 
range  which  might  not  apply  to  earth  prior  to  the  mid-Mesozoic,  something 
which  would  not  happen  unless  we  had  drift  and  if  we  had  no  drift  we 
wouldn't  have  this  type  of  enormous  mountain  range  in  the  geologic  past. 

The  Himalayan  Mountains  (figure  36)  tower  above  all  the  other 
mountains  of  the  world  (from  Life  books).  The  Himalayas,  as  a  high  block, 
stand  alone.  They  form  enormous  mass  of  rock  which  is  related  to  the 
impingement  of  two  sialic  blocks— a  type  of  mountain  range  which  is 
uniquely  related  to  the  new  global  tectonics,  Did  such  mountains  exist 
in  the  Paleozoic  and  earlier? 

In  figure  37  we  see  a  gold  mine  in  South  Africa  showing  scxne 
fragile  sedimentary  structures  very  well  preserved  in  the  two  billion 
year  old  Witwatersrand  Series,  This  is  an  example  of  one  of  the  cratonic 
cover  beds  which  have  existed  of  the  Precambrian,  which  are  of  great 
extent  like  the  Dubuant  of  Canada,  the  Athabasca,  the  Trans val  Series, 
and  the  Bambui  of  Brazil,  which  have  existed  since  the  Precambrian, 
These  have  been  regarded  in  the  past  as  being  Eocambrian  or  Infracambrian; 
very  close  to  Cambrian  age,  but  when  we  date  them  we  find  them,  in  many 
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cases,  to  be  very  old.  The  Bambui  of  Brazil  is  an  example  which  I 
visited  a  couple  of  years  ago — a  carbonate  series  300  meters  thick 
covering  an  area  the  size  of  Texas  which  is  shown  on  the  I96O  map  of 
Brazil  as  being  Silurian.  This  is  based  on  the  presence  of  a  Favosites, 
but  this  Favosites  probably  is  just  cone-in-cone  structure.  This  is  the 
only  "fossil"  in  the  series,  so  very  likely  this  is  another  example  of 
a  great  well  preserved  cratonic  cover  bed  which  is  Precambrian  in  age, 
and  perhaps  even  well  back  in  the  Precambrian.  This  bespeaks  of  the 
great  tectonic  stability  of  the  cratons.  If  we  do  preserve  these,  I 
don't  see  how  we  can  (by  Dr.  Clifford's  model)  periodically  orogenize 
the  crust,  other  than  to  intensely  deform  it  at  its  margins.  Cnce  the 
cratons  are  formed  and  chelatonized  they  appear  to  be  stable.  The  cover 
beds  and  the  continents  remain  largely  undisturbed  and  maintain  a  free- 
board which  puts  them  at  sea  level,  or  very  close  to  sea  level,  whereby 
they  can  be  preserved  over  geologic  time. 

Thus,  in  summary,  in  terms  of  the  new  global  tectonics,  we  must 
look  at  the  primitive  world  a  bit  differently.  We  tend  to  rely  upon  the 
uniformitarianism.  But,  these  processes  of  the  new  global  tectonics, 
perhaps,  do  not  apply  to  the  earth  prior  to  the  Mesozoic.  We  must  get 
a  new  set  of  rules  for  early  geologic  time  and  not  look  too  closely  at 
the  world  today  to  try  to  understand  the  Paleozoic  and  the  Precambrian 
world  in  terms  of  the  types  of  global  tectonics  which  then  applied. 
Secondly,  we  have  this  concept  of  permanency,  a  word  with  a  very  fine 
ring  to  it,  but  it  means  different  things  to  different  people.  In  terms 
of  the  classic  concept  of  the  earth,  we  had  permanency  of  continents  in 
a  geographic  outline  and  in  a  fixed  position. 

However,  under  these  new  tectonics,  under  drift,  we  do  away  with 
some  aspects  of  permanency  which  are  dear  to  geologists,  but  we  bring 
in  other  aspects  of  permanency.  In  other  words  we  can  maintain  the  volume 
of  ocean  basins.  The  ocean  basins  per  se  can  be  as  old  as  the  earth,  but 
the  ocean  floor  can,  in  turn,  be  new.  You  can  renew  the  floor  but 
maintain  the  ocean  basins.  By  drifting  continents  you  can  maintain  the 
volume  of  ocean  basins  and  in  turn  maintain  depth  of  the  oceans  and 
maintain  the  freeboard  of  the  continents  as  being  constant  through  time. 
You  can  roughly  maintain  the  total  area  of  continents  by  slow  accretion, 
linear  at  most;  you  can  add  something  to  their  size  and  you  can  return 
the  sediments  carried  in  to  the  oceans.  You  can  further  process  the 
tholeiitic  basalt  and  make  sialic  material  and  make  continents  grow  in 
a  slow  and  orderly  way  but  in  a  pattern  which,  I  think,  is  consistent 
with  geologic  history.  So  we  give  up  certain  aspects  of  permanency  and 
accept  others. 

So  finally,  let  me  show  this  concretion  (figure  38)  and  conclude 
my  fish  story  by  saying  our  conversations  with  the  earth  are  always  one- 
sided since  the  earth  does  not  speak.  The  earth  is  mute;  however,  rocks 
never  lie  in  spite  of  Theobold's  law  and  eventually,  I  presume,  we  will 
learn  the  truth  about  this  by  more  rigorous  laboratory  methods  and  by 
better  field  work,  and  we  will  know  whether  we  have  caught  a  fish  or 
not  (figure  39). 
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wJiich  behave  as  conveyor  belts,  generating  new  crust  at 
mid-ocean  ridges  and  resorbing  oceanic,  but  not  conti- 
nental, crust  m  trenches.  An  outstanding  paper  is  that  of 
F.J.  Vine  on  the  magnetic  anomalies  associated  with  tlie  mid- 
ocean  ridges  which  displays  color  plates  of  the  magnetic 
reversal  patterns  associated  with  the  Reykjanes  Ridges  near 
Iceland  and  of  the  more  complex  region  off  the  north- 
western United  States  and  Canada.  The  evidence  seems 
clear  that  new  oceanic  crust  is  being  constantly  created  by 
dike  injections  along  the  ridge  rift. 

It  would  seem  that  the  new  global  tectonics  involving 
rigid  crustal  plates  and  sea  floor  spreading  is  remarkably 
successful  in  explaining  the  geologic  nature  of  the  real 
earth.  Without  doubt,  the  sea  floor  spreading  concept 
works  and,  althougli  modifications  will  certainly  be  made, 
it  is  here  to  stay.  The  book  is  highly  recommended  to 
anyone  who  would  like  to  learn  more  about  this  modern 
revolution  in  earth  science.  And  it  is  the  ocean  floor  which 
has  provided  the  key. 


The  book  presents  17  papers  presented  at  a  NASA- 
Columbia  University-sponsored  symposium  held  in  late 
1966,  so,  considering  the  rate  of  change  in  earth  science,  it 
is  already  somewhat  out  of  date.  Also,  the  title  "The 
History  of  the  Earth's  Crust"  is  also  something  of  a 
misnomer,  as  the  papers  are  all,  in  fact,  directed  toward  the 
question  of  continental  drift.  The  main  sections  of  the 
book  treat  (1)  the  rheology  and  chemistry  of  the  upper 
mantle,  (2)  the  evidence  from  the  continents,  and  (3)  the 
evidence  concerning  drift  from  the  ocean  basins. 

Concerning  the  ocean  floor,  which  presumably  is  the 
primary  interest  of  MTS  members,  this  particular  group  of 
papers  treat  the  paleomagnetism  of  sediment  cores  (the 
magnetic  reversals  which  are  recorded  in  deep-sea  cores  are 
now  providing  an  important  new  method  of  geochronology 
back  to  four  million  years  ago,  providing  an  independent 
check  of  micropaleontologic  results);  general  aspects  of  sea 
floor  spreading;  seismological  evidence  for  sea  floor  spread- 
ing, transform  faulting  and  continental  drift;  heat  flow 
from  the  ocean  floor;  and  the  magnetic  "zebra  stripe" 
anomalies  which  parallel  many  mid-ocean  ridges  and  which 
provide  evidence  for  the  growth  of  new  oceanic  crust  by  sea 
floor  spreading  like  so  many  tree  rings.  It  seems  that  the 
ocean  floor  anomalies  (the  magnetic  reversal  method)  is 
now  providing  even  stronger  evidence  for  drift  than  the 
remnant  magnetism  of  certain  rocks,  especially  basalts 
which  behave  as  fossil  magnets  giving  orientation  and  lati- 
tude, but  not  longitude,  for  continents  in  the  geologic  past 
(polar  magnetic  method). 

Although  two  authors  question  continental  drift,  the 
book  as  a  whole  gives  rousing  support   to  crustal  plates 
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Richat  and  Semsiyat  Domes  (Mauritania): 
Not  Astroblemes 


Abstract :  The  38-km-diameter  Richat  Dome,  in  central  Mauritania,  has  been  widely  regarded  as 
a  possible  astroblcme.  Our  field  examination  of  the  structure  and  subsequent  petrographic  study 
oi  the  critical  rock  types  failed  to  reveal  a  single  feature  attributable  to  shock  processes.  We, 
therefore,  dismiss  an  impact  origin  for  this  structure.  It  must,  instead,  be  endogenic.  The  same 
conclusion  applies  to  the  much  smaller,  associated,  Semsiyat  Dome. 


Introduction 

In  March  1968,  we  examined  two  geologic 
structures  of  considerable  interest  to  meteoriti- 
cistsin  the  Adrar  region  of  central  Mauritania, 
Africa — the  Richat  and  Semsiyat  Domes. 
These  structures  have  been  widely  regarded 
as  possible  astroblemes  (ancient  meteoritic 
impact  scars)  and  are  listed  as  such  in  several 
bibliographies  on  this  subject  (for  example, 
Freeburg,  1966). 

Interest  in  the  Richat  Dome  has  been 
heightened  recently  by  a  well-publicized 
Gemini  photo  ,  no.  S-65-34670,  on  which  the 
dissected  dome  appears  as  probably  the  most 
striking  earth  structure  so  far  photographed 
from  near  space — a  giant  bullseye  vaguely 
reminiscent  of  Mare  Orientale  on  the  Moon 
(PI.  1).  A  NASA  pubUcation  on  the  Gemini 
results  lists  it  as  a  suspected  impact  feature 
(Anonymous  1967). 

The  purpose  of  our  expedition  was  not  to 
achieve  any  full  understanding  of  Richat  Dome, 
which  is  a  structure  of  considerable  complexity. 
We  did  feel,  however,  that  shock  metamorphic 
effects  should  be  readily  observable  if  the 
Dome  were  the  root  structure  of  a  large  impact 
crater.  Our  purpose  was  to  determine  whether 
or  not  such  shock  metamorphic  features  were 
present. 
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General  Geologic  Setting  of  Richat 

The  Richat  Dome  was  first  described  bv 
Richard-Mollard  (1948;  1952)  and  further 
elaborated  upon  by  Monod  (1952;  1954).  The 
coordinates  of  its  center  are  lat  21°  4'  N.  and 
long  11°  22'  W.  It  forms  a  circular  topographic 
depression  about  38  km  in  diameter  at  the  edge 
of  a  very  extensive  plateau  composed  ot  a  fiat- 
lying  sedimentary  sequence  capped  by  the 
Chinguetti  Sandstone  ot  lower  Paleozoic  age. 
The  lower  part  of  the  sequence,  well  exposed  ui 
the  dome,  consists  ot  a  series  ot  upper  Precambri- 
an  and  lower  Paleozoic,  miogeosvnclinal-tacies 
rocks  (carbonates,  cherts,  sandstones,  quartz- 
ites,  and  slightly  metamorphosed  siliceous 
shales).  As  now  sectioned  by  erosion,  the  dome 
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consists  of  a  series  of  annular  rings,  like  the  cut 
through  an  onion,  with  the  quartzites  forming 
ring  ridges  and  the  softer  rocks  forming 
toroidal  depressions  (which,  incidentally,  pro- 
vide easy  access  to  all  parts  of  the  structure). 
The  dips  of  the  beds  increase  toward  the  center 
to  an  average  maximum  of  20°  to  25°  (although 
dips  as  great  as  35°  are  attained  locally).  Be- 
yond these  maximum  values,  the  dips  abruptly 
decrease  as  the  center  is  approached.  The 
central  "eye"  is  occupied  by  a  flat-lying  lime- 
stone and  a  very  subordinate  amount  of  flat- 
lying  meta-arkose.  This  central  "eye"  is 
immediately  encircled  by  a  discontinuous, 
massive  ridge  of  chert  and  chert  breccias,  form- 
ing the  so-called  Guelb  er  Richat. 

There  has  been  at  least  minor  igneous 
activity.  Small  dolerite  dikes  or  sills  outcrop 
at  several  locations  within  the  structure.  And 
a  rather  enigmatic  rock  type,  termed  analcimo- 
lite  (Bardossy  and  others,  1963)  occurs  in 
several  areas  near  the  central  Guelb.  Although 
there  is  room  for  argument  here,  we  interpret 
these  rocks  as  zeolitized  volcanic  tuffs. 

Radial  and  tangential  faults  are  present  in 
the  outer  parts  of  the  structure,  but  are  by  no 
means  pervasive.  Additionally,  in  the  northern 
part  of  the  structure,  we  found  a  well-developed 
fault  system  which  is  apparently  unrelated  to 
the  structural  doming.  Curiously,  the  system 
strikes  N.  30°  E.,  which  is  the  trend  of  a  straight 
line  joining  Richat  with  two  other  circular 
features  of  uncertain  origin — Tenoumer  and 
Temimichat — lying  300  and  400  km  to  the 
northeast,  respectively. 

Evidence  Suggestive  of  Impact 

Several  lines  of  evidence  have  been  ad- 
vanced in  favor  of  a  meteoritic  origin  for 
Richat: 

(1)  Highly  circular  endogenous  structures  of 
this  size  are  very  unusual.  With  considerable 
justification,  astrogeologists  have  come  to 
regard  all  such  structures  as  possible  astroblemes 
until  proven  otherwise. 

(2)  The  purely  vertical  uplift  occurs  in  a 
region  of  flat-lying  sedimentary  rocks  with  few 
other  structural  disturbances  of  undisputed 
terrestrial  origin  within  several  hundred 
kilometers. 

(3)  Cailleux  and  others  (1964)  point  out  that 
the  drainage  pattern  is  directed  inward  rather 
than  outward,  as  it  should  be  if  inherited  from 
an  original  geomorphic  dome.  Such  a  pattern 
would,  however,  be  expected  if  Richat  were 
the  root  structure  of  a  crater. 


(4)  There  are  rather  extensive  outcrops  of 
brecciated  cherts  and  quartzites  immediately 
outside  the  central  "eye."  Impact  breccias  are, 
of  course,  a  characteristic  feature  of  astroblemes. 

(5)  Cailleux  and  others  (1964)  reported  the 
presence  of  coesite  in  one  of  these  brecciated 
quartzites. 

(6)  Aouelloul,  a  small  crater  of  undoubted 
impact  origin  (Chao  and  others,  1966a;  1966b) 
is  located  150  km  to  the  southeast. 

Results  of  the  Present  Investigation 

The  results  oi  our  investigation  can  be 
stated  as  follows:  (1)  no  structural  evidence  for 
cryptoexplosive  activity,  (2)  no  megascopic 
evidence  of  shock  metamorphism,  and  (3)  no 
microscopic  evidence  of  shock  metamorphism 
in  the  rocks  examined.  These  points  are  dis- 
cussed in  some  detail  below. 

(1)  Impact  structures  should  show  evidence 
of  a  natural  explosive  event.  Because  of  the 
point  apphcation  of  an  intensive  force,  and 
because  shock  waves  are  rapidly  damped,  an 
impact  structure  typically  reveals  a  central 
"megabreccia"  of  highly  disturbed  beds  which 
have  been  rotated  and  upthrown,  and  this  dis- 
tortion rapidly  dies  out  radially  outward. 
Further,  astroblemes  of  this  size  have  a  so-called 
damped-wave  aspect,  that  is  a  domal  center  sur- 
rounded by  a  structural  depression.  At  Richat 
we  found  no  case  for  the  application  of  any  sud- 
den impulsive  force.  There  is  no  evidence  of 
what  might  be  termed  "geologic  overkill." 
There  is  no  megabreccia.  No  strata  are  over- 
turned or  even  vertical.  In  fact,  a  flat-lying 
limestone  and  meta-arkose  occupy  the  central 
"eye."  Both  appear  normal  in  all  respects  and 
have  not  been  subjected  to  any  intense  tecton- 
ism.  The  structure  has  the  form  of  a  simple 
dome  and  lacks  any  hint  of  any  annular  struc- 
tural depression  beyond  the  uplift.  The  entire 
dome  is  remarkably  intact;  only  minor  radial 
faulting  was  noted  and  some  outward  displace- 
ment of  beds,  which  may  be  ascribable  to  grav- 
itation slippage  after  domal  uplift.  All  in  all, 
the  tectonic  style  at  Richat  best  fits  a  history  of 
slow  vertical  uplift. 

(2)  We  observed  no  dikes  or  pods  of  injec- 
tion breccia  or  pseudotachylite-like  material. 
We  did  note  rare,  radial  sandstone  dikes,  which 
we  interpret  as  sedimentary  fillings  of  open 
joints. 

Of  much  greater  significance  is  the  absence 
of  the  conical  shock  fractures  termed  shatter 
cones,  which  have  been  found  in  about  20  other 
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putative  astroblemes  (Dietz,  1968).  The  fine- 
grained, homogeneous  carbonates  and  quartz- 
ites  of  Richat  should  have  preserved  this  type 
of  fracturing  especially  well.  Such  rocks  are 
widely  exposed  within  Richat,  but  our  exten- 
sive search  revealed  no  sign  of  this  useful  field- 
shock  criterion.  There  is  some  evidence  that 
shatter  coning  is  related  to  the  development  of 
an  elastic  precursor  shock  wave  and  is  formed 
over  a  limited  range  of  shock  overpressures — 
roughly  from  20  to  80  kb  (Johnson  and  Talbot, 
1964).  Hence,  for  large  astroblemes  shatter 
coning  may  be  absent  from  the  central  eye,  but 
well  developed  farther  out.  Shatter  coning  at 
the  35-km-diameter,  well-exposed  La  Malbaie 
(or  Charlevoix)  structure  of  Quebec  offers  an 
instructive  comparison,  for  it  is  of  a  size  almost 
as  large  as  Richat.  This  shock  fracturing  is  a 
pervasive  aspect  of  the  central  regions  of  this 
astrobleme;  it  is  found  in  the  central  eye  and 
out  to  ranges  of  14  km  from  ground  zero.  How- 
ever, the  best  development  of  shatter  cones  is 
not  at  the  central  point  oi  greatest  shock,  Mont 
des  Eboulements,  but  at  about  7  km  from  this 
central  peak  where  the  plastic  wave  apparently 
had  attenuated  to  the  extent  that  the  combina- 
tion of  strong  elastic  compression  and  rapid 
tensional  release  was  optimal  for  their  formation 
(Robertson,  1968). 

We  searched  all  regions  of  Richat  without 
finding  shatter  cones.  One  horizon  of  cone-in- 
cone  structure,  which  has  been  confused  else- 
where with  shatter  coning  (but  which  actually 
bears  little  resemblance),  was  noted.  In  view  of 
the  excellent  outcrop  exposures  and  the  per- 
vasive engulfment  of  the  shocked  rocks  in 
astroblemes  by  shatter  cones,  their  total  absence 
is  strong  evidence  against  an  impact  origin  for 
Richat. 

(3)  The  past  few  years  have  seen  the  develop- 
ment of  some  very  useful  microscopic  criteria 
indicative  of  shock  metamorphism.  Among  the 
most  diagnostic  are:  planar  features  (fracture 
sets  lying  along  unusual  crystallographic 
directions)  in  the  mineral  grains — shocked 
quartz,  feldspar,  and  carbonates  show  these 
features  especially  well;  optical  isotropism  of 
quartz  and  feldspar  (maskelynite)  without 
melting;  and  kink- banding  in  mica  (Short, 
1966).  Twenty-eight  thin  sections  of  eleven 
rock  types  were  cxaminecf  carefully  for  any 
such  features,  and  the  results  were  completely 
negative.  The  rocks  included  all  those  most 
likely  to  show  such  features.  Particular  atten- 
tion was  paid  to  the  chert  and  quartzlte 
breccias. 


Two  of  the  cjuartzite  breccias  were  collected 
from  the  same  general  area  that  Caillcux  and 
others  reported  as  the  site  of  their  coesite-bear- 
ing,  shattered  sandstone.  Our  specimens  appear 
to  be  sim])le  tectonic  breccias,  caused  by  slip- 
page between  adjacent  rock  units  during  the 
updoming.  They  do  not  correspond  to  the 
specimen  description  given  by  CaiUeux  and 
others.  Our  specimens  consist  almost  entirely 
of  quartz  grains  which  uniformly  display  well- 
rounded  nuclei  and  well-developed  over- 
growths. The  rocks  are  very  clean;  there  is 
little  or  no  fine-grained  material;  the  breccia 
fragments  are  essentially  in  place  and  are 
identical  to  the  groundmass.  The  quartz  grains 
are  uniformly  intact,  showing  neither  random 
fracturing  nor  planar  features. 

The  absence  of  planar  features  does  not  pre- 
clude the  presence  of  coesite  in  these  rocks  since 
the  minimum  shock  pressure  necessary  to  pro- 
duce planar  features  is  about  50  kb,  while  coesite 
may  form  at  pressures  as  low  as  about  20  kb 
(Short,  1966).  However,  at  20  kb  shatter  cone? 
should  form  in  the  rocks,  and  the  quartz  grains 
should  show  extensive  shattering. 

The  central  nest  of  chert  breccia  is  a  remark- 
able aspect  of  Richat,  and  its  origin  would  seem 
to  be  rather  critical  to  the  Richat  problem. 
These  breccias  are  highly  variable  over  very 
short  distances,  principally  with  respect  to  the 
size  and  crystaUinity  of  the  chert  fragments, 
the  crystaUinity  of  the  groundmass  chert,  and 
the  amount  of  quartz  in  the  groundmass.  .All 
contain  detrital  quartz  grains  in  the  cherty 
groundmass.  Some  have  only  a  trifle,  some  so 
much  that  the  groundmass  appears  to  be  a 
quartzite  in  hand  specimen.  Rarely,  both 
extremes  may  be  found  in  the  same  thin  section. 
No  fractures  or  planar  features  are  present  in 
the  quartz.  All  of  these  chert  breccias  are 
poiymict  breccias  in  the  sense  that  the  angular 
fragments  are  clearly  different  from  the  ground- 
mass  and  cannot  be  derived  from  it,  even 
though  there  is  e\idence  of  in-place  fracturing 
for  some  fragments  (some  pieces  could  be 
fitted  back  together).  Thev,  theretore,  atnnot 
be  tectonic  breccias.  Texturallv.  it  appears  that 
the  quartz  in  the  groundmass  is  being  replaced 
by  chalcetiony.  The  groundmass  shows  no 
evidence  of  fracturing,  grinding,  or  other 
disturbance,  which  suggests  it  had  not  hthificd 
at  the  time  of  brecciation.  On  the  basis  of  our 
examination,  we  suggest  tentativelv  that 
these  rocks  may  be  pseudobreccias  in  the  sense 
that  they  assumed  their  present  contigur.ition 
prior   to  complete   hthihcalion,  perhaps  as  a 
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result  of  the  lithification  process  itself,  which 
would  involve  the  diflerential  shrinkage  of 
lenses  and  pods  of  pure  silica  gel  in  a  mass  o± 
silica  gel  and  quartz.  But  aside  from  speculation 
about  the  true  origin  oi  these  chert  breccias, 
and  more  to  the  point  of  this  investigation,  we 
are  certain  that  these  breccias  are  not  shock 
breccias  of  the  type  formed  by  cosmic  impacts. 

Summary  and  Conclusions 

During  our  careful  field  and  laboratory 
examination  of  rocks  exposed  in  the  Richat 
Dome,  we  failed  to  find  any  of  the  features 
which  should  have  been  present,  if  the  dome 
were  the  root  structure  of  an  impact  crater. 
Other  than  for  the  minor  presence  of  prob- 
lematical rhyolite  tuffs,  there  is  neither 
evidence  for  explosive  activity  nor  the  applica- 
tion of  any  shock  imprint. 

It  may  be  argued  that  Richat  is  a  deep  root 
structure  of  an  impact  crater  and  that  all 
evidence  of  impact  metamorphism  has  been 
removed  by  erosion.  However,  the  amount  of 
erosion  this  theory  would  require  is  excessive. 
Available  data  indicate  that  rather  severe  shock 
effects  can  be  expected  beneath  an  impact 
crater  to  depths  which  are  about  one-fifth  the 
crater  diameter  (Baldwin,  1963).  Less  severe 
effects,  such  as  shatter-coning,  would  extend 
even  deeper.  Thus,  for  a  feature  the  size  of 
Richat,  we  would  expect  to  find  evidence  of 
shock  to  a  depth  of  at  least  10  km  below  the 
original  surface.  Removal  of  all  shock  features, 
then,  requires  at  least  10  km  of  erosion  of  an 
area  which  has  shown  exceptional  crustal 
stability,  such  as  the  flat-lying,  undisturbed 
Precambrian  and  Paleozoic  sediments,  for  half 
a  billion  years.  Clearly  there  has  been  no 
significant  tectonism  or  uplift,  or  both,  since 
the  formation  of  the  dome.  And  since  the  max- 
imum uparching  of  the  dome  can  be  no  more 
than  3  to  4  km  (Cailleux  and  others,  1964),  it 
appears  to  be  the  upper  limit  to  the  amount 
of  rock  removed  by  subsequent  erosion. 

We  conclude  that  the  total  lack  of  shock 
metamorphic  effects  is  significant  and  that 
Richat  is  not  an  astrobleme,  but  is  endogenous 
in  origin.  We  note  that  both  Richard-MoUard 
and  Monod  assigned  an  endogenic  origin  to 
Richat.  The  latter  regarded  it  as  a  probable 
laccolith,  but  another  possibility  is  that  it  is 
structural  in  response,  for  example,  to  tumes- 
cence of  the  upper  mantle.  Geophysical 
surveys  might  do  much  to  explain  its  origin. 


Regional  gravity  and  magnetic  anomalies  for 
the  region  have  been  assembled  by  Rechen- 
mann  (1965-1966),  and  these  show  no  unusual 
anomalies.  However,  the  critical  control  lines 
in  the  Adrar  region  may  have  skirted  Richat 
only. 

What  of  the  other  arguments  favoring  an 
impact  origin?  Except  for  the  reported  coesite, 
we  regard  them  as  either  circumstantial  or 
specious,  or  both.  An  endogenous  origin  for  a 
large,  highly  circular  dome  requiring  the 
application  of  purely  vertical  forces,  in  an  area 
conspicuously  lacking  in  any  other  tectonic 
features,  is  unusual,  but  is  not  impossible.  The 
centripetal  drainage  pattern  is  not  super- 
imposed. It  has  clearly  developed  subsequent 
to  peneplanation  and  is  entirely  normal  for  the 
present  topographic  configuration.  The  prox- 
imity of  an  undisputed  meteorite  crater — 
Aouelloul — has  no  significance,  because  the  two 
events  are  quite  unrelated  in  time.  Aouelloul  is 
a  slightly  eroded,  bowl-shaped  depression  with 
a  raised  rim.  It  is  probably  Quaternary  in  age. 
Richat  is  an  ancient  geologic  structure  which 
has  been  peneplaned  and  then  resculptured  to 
its  present  configuration,  which  displays  100  m, 
or  so,  of  local  relief. 

We  have  not  yet  attempted  to  separate 
coesite  from  the  brecciated  quartzites.  We 
hope  to  do  so  in  the  near  future.  But  even  if 
coesite  is  present,  we  see  no  reason  to  change 
our  conclusions.  The  complete  absence  of  even 
minor  grain  fracturing  in  the  quartz  breccias 
compels  us  to  reject  a  shock  wave  origin  for 
that  coesite.  Coesite  is  stable  at  pressures  of  20 
kb  or  so,  and  it  is  possible  that  local  intergrain 
stress  concentrations  may  exceed  this  figure  in 
certain  tectonic  environments  which  are  char- 
acterized by  strong  shear  stresses.  Alternately, 
pressures  lower  than  20  kb  may  suffice  toproduce 
coesite  in  high-stress  environments.  Recent 
experiments  have  shown,  in  fact,  that  coesite 
can  be  synthesized  metastably  at  confining 
pressures  as  low  as  5  kb  in  samples  which  are 
simultaneously  subjected  to  high-strain  rates 
(Green,  1968).  Should  the  presence  of  coesite 
in  these  rocks  be  confirmed,  we  would  regard 
it  as  the  first  documented  occurrence  of  this 
mineral  resulting  from  normal,  near-surface 
endogenous  processes. 

Semsiyat  Dome 

The  flat-lying  beds  of  the  Mauritanian 
Adrar  are  disturbed  by  another  dome,  Semsiyat, 
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50  km  west  southwest  of  Richat's  center,  at  lat 
21°  0'  N.  and  long  11°  50'  W.  Only  5  km 
across,  it  is  much  smaller  than  Richat,  but  of 
the  same  tectonic  style,  so  that  it  may  be 
fairly  regarded  as  a  petit  frere  of  this  great  dome. 
Although  it  shows  clearly  from  the  air,  it  is 
barely  perceptible  on  the  ground.  The  qua- 
quaversal  dips  of  the  annular  beds  are  too  low 
to  measure  in  the  field.  The  dome  occurs  on  a 
flat  plateau  and  the  structure  itself  has  a  relief 
of  only  a  few  meters.  The  central  "eye"  is 
slightly  depressed  as  is  an  outer  "race  track." 

The  direct  evidence  bearing  on  the  origin  of 
this  structure  is  not  nearly  as  clear-cut,  as  is  the 
case  for  Richat.  Primarily,  this  is  due  to  the 
very  poor  exposures  and  the  greater  effect  of 
weathering  on  those  rocks  which  are  exposed. 
There  are,  for  example,  no  outcrops  at  all  in  the 
central  "eye."  During  a  one-day  field  recon- 
naissance, we  found  no  shatter  cones  nor  did  we 
see  any  other  structures  or  rock  types  suggestive 
of  shock  processes.  A  few  pieces  of  badly 
weathered  chert  breccia  were  found  as  float 
in  the  central  "eye."  No  quartzite  breccias 
were  found.  There  was  no  microscopic  evidence 
of  shock  metamorphism  in  the  quartzites  we 
examined. 

Taken  alone,  the  evidence  is  far  from  con- 
clusive. Nevertheless,  the  close  structural 
similarity  and  areal  proximity  to  Richat  leads 
us  to  believe,  in  the  absence  of  any  evidence  to 
the  contrary,  that  the  origins  of  the  two  struc- 
tures are  closely  related.  We  conclude,  there- 
fore, that  Semsiyat  is  also  endogenous  in  origin 
and  is  not  an  impact  feature. 


Relationship  to  Three  Modern  (?)  Meteorite 
Craters 

French  workers  have  tended  to  associate 
the  Richat  and  Semsiyat  domes  with  three 
modern  (only  slightly  eroded^  craters  of  central 
Mauritania — Aouelloul,  Tenoumer,  and 
Temimichat-Gallaman — which  are  aligned 
along  a  trend  of  N.  30°  E.  and  over  a  distance 
of  500  km.  This  trend  also  passes  just  west  of 
Semsiyat  and  skirts  the  eastern  side  of  Richat. 
There  can  be  no  common  time  of  genesis  of 
these  two  groups  of  features,  as  Riciiat  and 
Semsiyat  are  clearly  ancient  peneplaned  and 
exhumed  structures  of  at  least  pre-Neogene  age. 
One  may  still  argue  that  they  all  are  endogenic 
and  developed  along  a  common  fault  line, 
but  we  are  inclined  to  believe  that  the  presence 
of  Richat  and  Semsiyat  along  this  lineation  is 
fortuitous.  Because  of  its  impact  glass,  Aouelloul 
seems  certainly  to  be  a  meteorite  crater,  and 
we  suspected  that  Tenoumer  and  Temimichat- 
Gallaman  may  possibly  be  as  well,  although 
associated  meteorites  are  unknown.  Their 
lineation  is  suggestive  of  a  possible  triple  impact 
event.  Monod  and  Pomerol  (1966)  suggested 
that  Tenoumer  is  a  volcanic  crater  based  upon 
associated  lava  dikes.  However,  a  sample  ot  this 
"lava"  obtained  by  us  at  Dakar  from  the 
Bureau  for  Research  in  Geology  and  Mines  has 
been  the  subject  of  restudy  by  Bevan  French, 
who  has  found  shocked  inclusion  of  country 
rock  of  the  type  commonly  associated  with 
impact  craters,  fience,  this  "lava"  appears  to 
be  an  impactite  which  tends  to  identity 
Tenoumer  as  a  meteorite  crater  (B.  French, 
personal  commim.). 
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First  Deep-Sea  Sounding 

By  Robert  S.  Dietz  and  Harley  J.  Knebel 
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N  THE  3rd  of  January  [1840], 
at  latitude  27°26'S.,  longitude 
17°29'W.,  the  weather  and  other  cir- 
cumstances being  propitious,  we  suc- 
ceeded in  obtaining  soundings  with  two 
thousand,  four  hundred  twenty-five 
fathoms  of  line,  a  depression  of  the  bed 
of  the  ocean  beneath  its  surface  very 


little  short  of  the  elevation  of  Mount 
Blanc  above  it."  By  this  laconic  ac- 
count, Sir  James  C.  Ross  reported  the 
first  abyssal  sounding  from  any  ocean. 
It  was  made  from  H.M.S  Erebus, 
which,  along  with  H.M.S.  Terror,  was 
participating  in  the  British  Antarctic 
Expedition,  the  results  of  which  are 
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From  small  boats  (left)  sailors  lower  hemp  line  and  cannonball  plummet  to  make 
the  first  abyssal  sounding.  This  drawing  accompanied  Ross's  original  account  of  this 
voyage.  Above  is  a  bat hy metric  survey  of  the  Ross  sounding  site  as  made  by  USC&GSS 
Discoverer  in  January,  1968. 


reported  in  A  Voyage  of  Discovery  and 
Research  in  the  Southern  and  A  ntarctic 
Regions,  1939-1943. 

Many  years  earlier  (in  1818)  Sir 
John  Ross,  commanding  H.M.S.  Isa- 
bella and  exploring  Baffins  Bay  for  the 
purpose  of  "inquiring  into  the  Possi- 
bility of  a  Northwest  Passage,"  had 
recovered  bottom  mud  from  depths  of 
1,000  fathoms  (73°37'N.;  77°25'W.) 
and  1 ,050  fathoms.  Although  this  also 
was  a  remarkable  accomplishment,  it 
was  not  truly  a  deep-sea  sounding,  be- 
cause the  deep  oceans  have  an  average 
depth  of  2,555  fathoms,  or  more  than 
IVi  miles. 

Ross  made  several  fruitless  attempts 
to  obtain  oceanic  soundings  while  pas- 


sing through  the  tropics  en  route  to 
the  Antarctic.  These  were,  of  course, 
made  with  long  hemp  lines,  since  sonic 
methods  and  even  the  use  of  thin  piano 
wire  had  not  yet  been  devised.  Ross's 
repeated  failures  were  principally  due 
to  the  lack  of  a  proper  kind  of  line,  but 
these  failures  served  to  point  out  what 
type  was  actually  needed.  Accordingly, 
Ross  made  up  a  line  (stranded  hemp?) 
on  board  of  "three  thousand  six  hun- 
dred fathoms  or,  rather  more  than  four 
miles  in  length  fitted  with  swivels  to 
prevent  it  unlaying  in  descent,  and 
strong  enough  to  support  a  weight  of 
seventy-six  pounds." 

Since  it  is  not  feasible  to  "feel"  bot- 
tom at  oceanic  depths,  Ross  identified 
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bottom  by  a  decrease  in  the  rate  of  pay- 
out of  line  from  a  free-spooling  reel. 
Each  100  fathoms  of  the  3,600-fm. 
line  was  marked  so  that  the  rate-of- 
pay-out  could  be  timed.  This  enormous 
reel  was  then  placed  in  one  of  the  ship's 
small  boats  and  set  free  from  the 
mother  ship.  This  permitted  oarsmen 
to  maneuver  the  small  boat  in  such  a 
way  as  to  offset  currents  and  windage 
so  as  to  keep  the  sounding  line  straight 
up  and  down.  The  oceans  are  so  deep 
that  even  with  a  free-running  line  near- 
ly an  hour  passed  before  Ross's  76-lb. 
plummet  reached  bottom. 

Ross's  Sounding  Survives 

Ross's  sounding  is  still  retained  on 
modern  charts  (e.g.,  U.  S.  Navy  Hy- 
drographic  Office  Chart  5761),  but 
it  reads  2,426  fm.  instead  of  2,425  fm. 
Admiral  G.  S.  Ritchie,  the  British  Hy- 
drographer,  has  written  us  that  the 
sounding  by  Ross  first  appeared  on 
Admiralty  Chart  No.  2203  in  1853  as 
2,426  fm.  and  has  been  recorded  as 
such  ever  since.  However,  no  evi- 
dence can  be  found  in  the  records  of 
the  Hydrographic  Department  as  to 
why  one  fathom  was  added  to  Ross's 
measurement.  We  suppose  that  this  is 
a  calligraphic  error,  for  a  poorly  hand- 
written "5"  may  have  been  transcribed 
as  a  "6."  Certainly  there  is  no  justifica- 
tion for  unrounding  Ross's  sounding 
considering  the  many  inaccuracies  in- 
volved in  obtaining  it. 

Curiously,  the  position  of  Ross's 
sounding  on  modern  charts  is  slightly 
at  variance  with  that  given  by  Ross. 
Presumably,  this  is  also  the  result  of 
a  creeping  error  in  transcription  from 
one  collection  sheet  to  another  with- 
out reference  to  the  original  source. 


The  position  of  a  sounding  printed  on 
a  chart  is,  by  convention,  taken  as  a 
point  at  the  geometric  middle  or,  for 
a  sounding  such  as  1,234  fathoms,  be- 
tween the  2  and  the  3  and  halfway  up. 
It  would  seem  that  chart  makers  should 
return  to  Ross's  values  on  their  future 
charts.  Certainly  the  first  deep-sea 
sounding  deserves  special  considera- 
tion. 

"Bottomless"  Soundings  in  Error 

In  the  1850's  Lt.  Matthew  Fontaine 
Maury,  the  father  of  oceanography, 
formalized  Ross's  rate-of-pay-out 
method  in  his  so-called  Law  of  the 
Plummet's  Descent.  The  method  was 
prescribed  for  U.  S.  Navy  ships  after 
several  doubtful  ultra-deep  soundings 
were  duly  reported  to  the  Depot  of 
Charts,  the  Navy's  predecessor  to  the 
modern  Naval  Oceanographic  Office. 
Maury  was  aware  that  deep  under- 
currents could  induce  "swigging  forces 
upon  the  bight,"  which  would  cause  a 
line  to  run  out  forever  or,  since  sound- 
ing lines  are  of  finite  length,  until  the 
bitter  end  spooled  off  and  disappeared 
beneath  the  surface.  Even  so,  Maury 
recorded  on  his  early  Atlantic  charts 
depths,  now  known  to  be  fictitious,  of 
34,000,  39,000,  46,000,  and  even 


A  TOKEN  LOWERING  h///(  a  ccinnonhall  is 
made  by  Captain  Lome  Taylor  of  ESSA 
ship  Discoverer  at  the  site  of  James  Ross's 
first  abyssal  sounding.  (ESSA) 
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50,000  feet  with  bottom  contact  unat- 
tained.  It  would  seem  that  some  naval 
oflScers,  instead  of  determining  the 
depth  of  the  ocean,  were  attempting 
to  answer  the  waggish  question,  "How 
long  is  a  piece  of  string?" 

In  1859  Maury  wrote  that  successful 
soundings  could  not  be  made  from  a 
large  vessel,  presumably  due  to  wind- 
age. Instead,  "it  was  necessary  that  a 
boat  should  be  lowered,  and  the  trial 
be  made  from  it;  the  men  with  their 
oars  keeping  the  boat  from  drifting, 
and  maintaining  it  in  such  a  position 
that  the  line  should  be  'up  and  down' 
the  while."  It  was  pointed  out  earlier 


that  Ross  also  used  this  method  to 
maintain  a  zero  line  angle. 

A  Rugged  Seascape 

Since  literally  millions  of  soundings 
are  now  taken  each  year,  it  seemed  ap- 
propriate to  ask  the  USC&GSS  Dis- 
coverer (while  en  route  from  Recife, 
Brazil,  to  Tristan  da  Cunha)  to  make 
brief,  but  precise,  soundings  at  Ross's 
site.  This  is  located  in  the  South  At- 
lantic Ocean  on  the  western  flank  of 
the  Mid- Atlantic  Ridge,  roughly  half- 
way between  the  lower  halves  of  South 
America  and  Africa.  Accordingly,  a 
brief  survey  was  made  over  a  47- 
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The  cannonball  that  was  lowered  as  a 
commemorative  gesture  at  the  site  of 
Ross's  sounding  is  held  by  Robert  S. 
Dietz  (left)  and  Harley  J.  Knebel.  The 
arrow  marks  the  site  location  in  the 
South  Atlantic.  (Miami  Herald) 


square-nautical-mile  area  in  the  vicin- 
ity of  lat.  27°26'S.,  long.  17°29'W. 
Positions  were  maintained  by  dead 
reckoning  with  respect  to  reliable  five- 
star  celestial  fixes  so  that  the  accuracy 
is  probably  within  one  nautical  mile 
or  so.  Any  greater  accuracy  is  probably 
not  critical  since  Ross's  fix  cannot  be 
regarded  as  precise  because  of  the 
time  drift  in  his  chronometer  and  the 
type  of  navigational  devices  used  a 
century  ago.  The  survey  was  laid  out 
in  a  butterfly  or  hourglass  pattern  and 
the  soundings  were  recorded  on  a  Pre- 
cision Depth  Recorder  set  at  800  fm/ 
sec.  The  soundings  were  corrected  for 
salinity  and  temperature  variations  in 
sea  water. 

The  bathymetric  map  resulting 
from  the  Discoverer's  survey  shows 
the  relief  of  the  area  to  be  bold  and 
rugged;  steep,  isolated  peaks  separated 
by  deep,  V-shaped  depressions  are 
common.  The  northwestern  half  of  the 
region  has  a  mean  depth  greater  than 
2,200  fm.  (4,023  m.);  the  southeast- 
ern half  is  shallower.  The  absolute  re- 
lief observed  along  the  sounding  lines 
was  404  fm.  The  depth  at  Ross's 
sounding  site  is  2,100  fm.  (3,843  m.), 
rounded  to  the  nearest  5  fm.  The  max- 
imum depth  (2,400  fm.;  4,392  m.)  in 


the  survey  area  was  found  in  a  hole  in 
a  broad  depression  in  the  northwestern 
sector.  Approximately  3.5  nautical 
miles  separate  these  two  locations.  The 
Ross  site  occurs  within  the  western 
flank  province  of  the  Mid-Atlantic 
Ridge,  which  accounts  for  the  rugged 
relief.  With  this  irregular  sea-floor 
topography,  substantial  variations  in 
depth  can  be  recorded  m  small  hori- 
zontal distances. 

Ross  a  Trifle  Deep 

The  precise  position  of  H.M.S. 
Erebus  at  the  time  Ross  made  his  his- 
toric soundmg  is  uncertain.  Today, 
even  with  the  most  sophisticated  type 
of  navigation,  there  are  inherent  er- 
rors. It  is  doubtful  that  Ross  obtained 
an  accuracy  comparable  to  modem 
standards.  Even  if  his  position  was 
exactly  that  which  he  recorded,  the 
change  in  depth  within  1  mile  could 
have  been  more  than  100  fm.  It  would 
be  meaningless  to  speculate  about  the 
exact  location  of  the  first  abyssal 
sounding.  Nonetheless,  it  is  interest- 
ing to  compare  the  depth  that  Ross 
obtained  with  that  which  we  obtained 
at  his  documented  position.  Ross's 
measured  depth  is  about  325  fm. 
greater  than  ours.  This  amounts  to  an 
error  of  about  15  per  cent,  an  error 
which  could  be  introduced  by  a  line 
angle  of  about  30°.  If,  however,  we 
select  the  maximum  depth  within  the 
area,  then  Ross's  sounding  is  only  25 
fm.  more  than  ours  and  is  in  error  by 
only  1  per  cent.  A  line  angle  of  9° 
would  account  for  this  difference. 

We  cannot  determine  with  any  cer- 
tainty the  reason  for  Ross's  sounding 
being  overly  deep,  but  two  possibili- 
ties stand  out:  That  the  moment  of 
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bottom  contact  was  not  immediately 
recognized  and  that  Ross's  position 
was  in  error  by  5  miles  or  more.  We 
can  probably  rule  out  line  angle  as 
contributing  to  his  excess  depth  for, 
as  noted  earlier,  he  obviated  this  prob- 
lem by  the  use  of  a  small  boat  with 
oarsmen.  Most  likely  slowness  and  dif- 
ficulty in  recognizing  first  bottom  con- 
tact was  the  reason  as  Ross,  for  his 
next  sounding,  used  a  plummet  weigh- 
ing 540  pounds — a  sevenfold  increase. 

A  Cannonball  Lowered 

In  commemoration  of  Ross's  his- 
toric sounding,  a  cannonball  was 
lowered  over  the  side  in  the  vicinity  of 
Ross's  site.  This  iron  ball  is  one  re- 
covered by  divers  in  the  Florida  Keys 
and  is  believed  to  have  come  from  an 
old  Spanish  wreck  possibly  three  cen- 
turies old.  Our  original  intent  was  to 
attempt  to  duplicate  Ross's  sounding 
by  the  historic  technique  of  Maury, 
who  prescribed  cannonballs  of  either 
32  lbs.  or  68  lbs.  as  plummets.  How- 
ever, as  our  cannonball  weighed  only 
12  lbs.,  it  would  not  have  been  an  ef- 
fective plummet.  Therefore,  only  a  to- 
ken lowering  was  made. 

The  exact  nature  of  Ross's  plummet 
is  not  known,  but  in  his  case  it  was 
probably  not  a  cannonball,  for  his  in- 


structions from  the  Lord  High  Admiral 
read:  "In  the  event  of  England  being 
involved  in  hostilities  with  any  other 
power  during  your  absence,  you  are 
clearly  to  understand  that  you  are  not 
to  commit  any  hostile  act  whatever; 
the  expedition  under  your  command 
being  fitted  out  for  the  sole  purpose  of 
scientific  discoveries,  and  it  being  the 
established  practice  of  all  civilized 
nations  to  consider  vessels  so  em- 
ployed as  exempt  from  operations  of 
war." 

Little  was  known  about  oceanic 
depths  prior  to  Ross's  sounding. 
Among  laymen,  the  oceans  were  gen- 
erally regarded  as  bottomless.  An  es- 
timate by  the  astronomer  Laplace, 
based  upon  a  deduced  relationship  be- 
tween ocean  depth  and  tide  wave  ve- 
locity, placed  the  abyssal  depth  at  12 
miles.  Other  scientists  had  argued 
from  an  intuitive  feeling  that  oceans 
were  as  deep  as  mountains  are  high. 
As  Ross  showed,  this  is  more  or  less 
correct,  although  it  takes  a  tall  sea- 
mount  to  reach  the  surface  of  the  ocean. 

In  revisiting  this  site,  a  hydrographic 
milestone  was  recognized  and  a  bit  of 
oceanographic  history  was  relived. 
With  Ross's  sounding,  the  mirror  that 
until  then  reflected  only  the  sky  would 
never  be  quite  the  same. 
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Profiles  of  Magnetic  Anomalies 
South  of  the  Aleutian  Island  Arc 


Abstract:  Characteristic  features  of  linear  magnetic  anomalies  south  of  the  Aleutian  Island  Arc 
are  illustrated  by  a  series  of  closely  spaced  anomaly  profiles.  Within  the  area  the  anomalies  change 
trend  at  the  "Great  Magnetic  Bight,"  are  oflfset  at  several  fractures  zones  and  terminate  where 
they  intersect  the  Aleutian  Trench. 


Oceanic  crust  that  is  thought  to  have  formed 
from  ascending  mantle  materials  and  spread 
away  from  oceanic  rises  is  characterized  by 
a  recognizable  pattern  of  linear  magnetic 
anomalies  (Vine  and  Matthews,  1963;  Heirtzler 
and  others,  1968).  Studies  based  on  the  geo- 
graphical distribution  of  this  pattern,  the 
orientation  of  fracture  zones,  and  seismological 
observations  have  suggested  that  the  earth's 
surface  is  comprised  of  large  mobile  blocks 
of  crust  bounded,  where  they  interact  with 
one  another,  by  major  tectonic  features — rises, 
fracture  zones,  and  island  arc  structures  or 
belts  of  folded  mountains  {see,  for  example, 
Isacks  and  others,  1968).  According  to  this 
hypothesis,  the  blocks  spread  apart  from  ocean- 
ic rises,  slide  past  one  another  along  fracture 
zones,  and  converge  at  island  arcs  where 
oceanic  crust  is  thrust  downward  and  de- 
stroyed. 

A  unique  opportunity  to  examine  the 
effects  of  an  island  arc  structure  on  adjacent 
oceanic  crust  and  on  its  characteristic  magnetic 
anomaly  pattern  is  afforded  by  data  from 
detailed  magnetic  and  bathymetric  surveys 
of  a  large  area  south  of  the  Aleutian  Island 
Arc  (Fig.  1).  Studies  based  on  these  measure- 
ments have  shown  that  the  northward- trending 
anomaly  pattern  in  the  northeast  Pacific 
Ocean  swings  westward  just  south  of  the  east- 
rn  part  of  the  Aleutian  Islands  (the  "Great 
viagnetic  Bight"  described  by  Elvers  and 
others,  1967)  and  continues  westward  to  be 
offset  by  two  fracture  zones  and  to  disappear 
where  it  intersects  the  Aleutian  Trench.  In 
this  note  we  present  a  set  of  detailed  magnetic 


anomaly  profiles  (PI.  I)  that  illustrates  the 
characteristic  features  of  the  anomalies  and  the 
changes  that  occur  at  their  intersection  with 
the  Aleutian  Trench.  This  material  com- 
plements a  more  extensive  discussion  presented 
elsewhere  (Grim  and  Erickson,  1969). 

The  magnetic  measurements  used  in  pre- 
paring the  profiles  were  taken  by  the  U.S. 
Coast  and  Geodetic  Survey  ships  Pioneer, 
Surveyor,  and  Oceanographer  between 
1961  and  1968  as  part  of  ESSA's  SEAMAP 
project  (Peter  and  Stewart,  1965).  The 
trackhnes  (Fig.  1),  spaced  at  about  18.5  km, 
(10  n.m.)  were  controlled  by  Loran-C  naviga- 
tion. Satellite  navigation  was  employed  on  the 
Oceanographer  in  1968. 

Total  magnetic  field  measurements,  made 
with  a  proton  precession  magnetometer, 
were  sampled  and  digitized  at  appropriate 
intervals,  normally  5  minutes.  No  corrections 
were  made  for  diurnal  variations.  With  the  use 
of  a  computer,  positions  were  determined  for 
each  measurement  and  the  "regional"  mag- 
netic field,  calculated  with  the  GSFC  9/65 
set  of  spherical  harmonic  coefficients  (Hend- 
ricks and  Cain,  1966),  was  removed.  The 
residual  values,  the  magnetic  anomalies,  were 
then  displayed  as  a  sequence  of  north-south 
profiles  with  an  x-y  plotter.  This  sequence  of 
profiles  is  shown  in  Plate  1.  The  geographic 
position  of  each  profile  is  represented  by  the 
base  of  the  shaded  positive  areas  {see  inset, 
PI.  1).  The  anomalies,  plotted  with  positive 
values  to  the  west  and  negative  to  the  east, 
are  labeled  according  to  the  system  of  Pitman 
and  others  (1968).  The  two  prominent  peaks 
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in  this  region,  that  he  on  either  side  of  anomaly 
32,  have  been  designated  32 A  and  32B. 

The  continuity  of  the  anomaUes  and  the 
persistency  of  the  characteristic  profile  shapes 
are  clearly  demonstrated  by  Plate  1.  Near 
163°  W.,  a  portion  of  the  "Great  Magnetic 
Bight"  is  shown  by  the  change  in  trend  of 
anomaUes  32A  and  32B.  The  Amlia  and  Adak 
Fracture  Zones  (Hayes  and  Heirtzler,  1968; 
Grim  and  Erickson,  1969)  interrupt  the 
continuity  of  the  anomalies  at  173°  W.,  and 
177°  30'  W.,  where  the  pattern  is  offset  left 
laterally.  Near  168°  W.,  a  small  fracture  zone 
may  be  indicated  by  the  offset  of  anomaly  32A. 
Over  the  Aleutian  Trench  the  anomaly  field 


is  generally  smooth  and  increases  northward 
toward  the  island  arc  where  shorter  wavelength 
variations  are  observed  as  the  water  shoals. 
The  anomalies  encounter  the  Aleutian  Trench 
at  a  small  angle  and  die  out  over,  or  just 
beyond,  the  north  wall.  West  of  the  Amlia 
Fracture  Zone,  the  amplitudes  of  anomalies 
25  through  27  are  noticeably  less  than  those 
observed  farther  east. 

More  extensive  descriptions  of  the  magnetic 
anomalies  and  fracture  zones  in  this  area  and 
discussions  of  their  relationship  to  concepts  of 
sea-floor  spreading  can  be  found  in  Pitman 
and  Hayes  (1968)  and  Peter  and  others  (1969), 
in  addition  to  those  references  previously  cited. 
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Brief  Reports 


Heat  Flow  Measurements  in  the  Tasman  Sea 

Paul  J.  Grim^ 

Pacific  Oceanographic  Research  Laboratory,  ESSA 
Seattle,  Washtnglon  9S102 

In  September  1967,  14  ocean  bottom  heat  flow  measurements  were  attempted  in  the  Tasman 
Sea  from  the  ESSA  Coast  and  Geodetic  Survey  ship  Oceanographer.  Seven  of  these  are  con- 
sidered successful  and  are  presented  in  Table  1  and  Figure  1. 


Tlie  thermal  gradient  measurements  were 
made  with  a  Ewing  thermograd  [Gerard  et  al., 
1962].  Three  thermistor  probes  were  spaced  ap- 
proximately 2  meters  apart  on  a  6-meter  core 
barrel,  with  the  separations  measured  to  the 
closest  centimeter.  The  recorder  was  located  in 
the  fin  assembly  of  the  corer  and  measured 
temperature  differences  between  the  probes  to 


1  Now  at  Atlantic  Oceanographic  Laboratories, 
ESSA,  Miami,  Florida  33130. 


±0.01  °C.  A  mercury  switch  indicated  when 
the  core  barrel  made  an  angle  of  over  15°  with 
the  vertical.  The  relationship  given  by  Bullard 
and  Day  [1961]  was  used  to  estimate  thermal 
conductivities  of  the  sediments  from  the  water 
content  of  the  sediments  collected  by  the  corer. 
Heat  flow  values  presented  in  Table  1  are  the 
product  of  the  thermal  gradient  and  conduc- 
tivity values.  No  tilt  was  indicated  for  any  of 
the  seven  stations.  At  four  locations  (1,  3,  4, 
and  5),  the  gradient  is  based  on  a  series  of 
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Fig.  1.  Heat  flow  values  in  the  Tasman  Sea.  Units  are  10"°  cal/cm-'/spc.  Station  numbers 
are  in  parentheses.  Depths  less  than  3000  meters  are  shaded  (based  on  map  bv  Udintsev 
[1964]). 
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TABLE  1.     Heat  Flow  Measurements  from  the  Tasman  Sea 


No. 

Conduc- 

Conductiv 

ity. 

Heat  Flow, 

Estimated 

Latitude,* 

Longitude,* 

Depth, 

Probes 

tivity 

X  10' 

1  cal/cm/sec/ 

Gradient, 

X  io« 

Error, 

Sta. 

South 

East 

m 

in  Mud 

Samples 

"C 

X  10'  °C/cm 

cal/cm2/sec 

% 

1 

31°33  9' 

153°33  3' 

3862 

3 

6 

1.96 

0  657 

1.29 

10 

2 

31°37-2' 

154''14.0' 

4565 

2 

4 

2.25 

0.685 

1.54 

15 

3 

31°30.5' 

155°01.0' 

4785 

3 

6 

1.89 

0  688 

1.30 

10 

4 

3r28  3' 

156°12.5' 

4689 

3 

4 

1  99 

0.567 

1.13 

10 

5 

31°30  5' 

156°54  3' 

4283 

3 

6 

1  94 

0.544 

1.06 

10 

6 

33°09  4' 

159°27  0' 

3609 

2 

5 

2  02 

1.19 

2  40 

15 

7 

33°22  6' 

161°36  8' 

1529 

3 

5 

2.18 

1.06 

2  31 

25 

*  Obtained  with  satellite  navigation. 


constant  readings  from  the  three  thermistor 
probes  that  entered  the  sediment  and  showed, 
within  the  accuracy  of  the  recorder,  a  hnear 
temperature-depth  relationship.  These  heat  flow 
values  are  considered  accurate  to  within  10%. 

The  heat  flow  values  for  the  remaining  sta- 
tions are  considered  less  accurate  because  of 
variations  of  conductivity  along  the  core  (sta- 
tion 2),  curvature  of  the  temperature-depth 
profile  (station  7),  and  the  quality  of  the  film 
record  (station  6). 

Measurements  1-5  were  closely  spaced  and 
show  relatively  httle  variation  in  heat  flow. 
Station  1  is  on  the  continental  rise  east  of 
Australia,  and  stations  2  and  3  are  of  the 
Tasman  abyssal  plain.  Stations  4  and  5  indicate 
that  the  heat  flow  just  east  of  the  Tasman 
abyssal  plain  is  lower  than  on  the  plain,  but 
this  result  should  be  considered  with  caution 
since  the  differences  are  so  small.  The  relative 
uniformity  of  these  five  measurements  suggests 
that  much  of  the  remainder  of  the  Tasman 
basin  may  also  have  uniform  heat  flow.  If  this 
is  so,  it  seems  that  this  basin  may  be  similar 
in  this  regard  to  other  large  areas  of  uniform 


heat  flow,  such  as  the  one  reported  by  Reitzel 
[1963]  in  the  western  Atlantic. 

Stations  6  and  7  show  two  relatively  high 
values  of  heat  flow  on  the  western  part  of  Lord 
Howe  rise;  however,  because  of  the  poorer 
accuracy  of  these  measurements,  additional, 
more  closely  spaced,  measurements  are  needed 
to  determine  if  they  are  truly  representative 
of  the  rise. 
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I  I  I 


SEAMAP   DEEP-SEA   CHANriEl. 


Paul    J.    Grim 


The  SEAMAP  deep-sea  channel  is  a  relic  feature  on  the 
Aleutian  abyssal  plain  south  of  the  Aleutian  trench. 
Along  most  of  its  3/0-km  lenoth  it  has  v/e  II -developed 
levees  that  are  penerally  asymmetrical  and  differ  in 
height.   Typically  the  channel  is  about  50  m  in  depth 
and  6  km  in  width.   From  its  northern  end  on  the  south 
wall  of  the  Aleutian  trench  the  channel  floor  rises 
towards  the  southwest  from  a  depth  of  4800  m  to  a  mini- 
mum depth  of  4590  m  near  its  midpoint.   Continuing  in 
the  same  direction  it  deepens  aqain  to  4750  m.  This 
gradient  reversal  precludes  turbidity  currents  from 
flowing  through  the  channel  and  supports  the  thesis 
that  the  Aleutian  abyssal  plain  is  a  relic  feature  that 
has  been  cut  off  from  its  supply  of  turbidite  material 
by  the  downbowinq  of  the  Aleutian  trench.   The  channel 
apparently  has  been  destroved  by  slumpina  on  the  south 
wall  of  the  trench  north  of  the  4800-m  contour.   For 
much  of  its  length,  it  is  subparallel  to  the  trench  and 
from  a  topographic  standpoint  occupies  the  crest  of  the 
outer  ridae  south  of  the  trench. 


I.   INTRODUCTION 
As  a  result  of  ESSA's  SEAMAP  project  in  the  central  north  Pacific, 
the  SEAMAP  deep-sea  channel  (Grim  and  Nauoler,  1969)  has  been  found  on 
the  Aleutian  abyssal  plain  south  of  the  Aleutian  trench.   FInure  I 
shows  its  location  in  relation  to  the  channels  and  abyssal  plains  in  the 
northeast  Paci  f  i  c. 
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The  most  unusual  aspect  of  the  SEAMAP  channel  is  the  reversal  of 
its  axial  gradient  which  precludes  turbidity  currents  from  flowing 
through  it.   It  is  the  only  known  deep-sea  channel  that  canno-t  be  traced 
to  a  potential  supply  of  turbidlte  material  on  the  continental  slope. 
This  gives  striking  support  to  1tie  thesis  suggested  bv  Hurley  (I960) 
from  bathymetric  observations  that  the  Aleutian  abyssal  plain  is  a 
"fossil"  or  relic  plain  that  was  cut  off  from  its  supply  of  turbidite 
material  by  the  downbowing  of  the  Aleutian  trench  and  that  the  only 
present  supply  of  sediment  is  pelagic  material  settlino  from  the  over- 
lying water  column. 

Hamilton  (1967)  has  given  additional  evidence  of  the  fossil 
nature  of  this  plain  from  seismic  reflection  results.  He  points  out 
that,  in  addition  to  the  plain  sloping  downward  to  the  south  and  being 
blocked  from  turbidity  currents  on  the  north,  east,  and  west,  (I)  the 
thickness  of  turbidite  layers  decreases  towards  the  south  and  (2)  the 
Aleutian  abyssal  olain  (where  he  crossed  It  In  an  east-west  direction 
between  47°  and  48°N)  is  covered  by  an  acoustically  transparent  50-  to 
lOO-m  layer  of  sediment  that  appears  to  be  pelagic  (+his  is  supported  bv 
the  fact  that  no  turbtdltes  have  been  cored  on  this  plain). 

The  SEAMAP  channel  was  first  revealed  bv  fathograms  taken  with  a 
Precision  Depth  Recorder  (PDR),  a  continuous  echo  sounding  recorder  that 
can  be  read  to  about  ±  2  m.  These  were  obtained  by  the  U.  S.  Coast  and 
Geodetic  Survey  ship  PIONEER  during  the  period  1961-1963.   In  April  1968, 
a  3-day  study  was  conducted  from  the  USC&GS  ship  OCEANOGPAPHER,  and  six 
crossings  of  the  western  part  of  the  channel  were  made  by  the  USC&GS  ship 
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Figure  2.   Bathymetric  map  of  the  SEAMAP  channel  area.  Depths  are  In 

corrected  meters.  The  contour  interval  varies  as  indicated. 
Ridqes,  seamounts,  and  abyssal  hills  are  shown  in  black. 
Track  lines  are  indicated  by  dashed  lines. 


SURVEYOR  in  June  1968.   Navigational  control  for  the  OCEANOGPAPHER  was 
by  satellite,  which  has  an  average  error  of  about  300  m  or  less  (Paulsen, 
1966;  Talwani  et  a  I.,  1966),  and  for  the  PIONEER  and  SURVEYOR  by  Loran  C, 
which  has  an  accuracy  of  about  1/2  km  in  this  region.   All  soundims  were 
converted  to  corrected  meters  according  to  the  method  described  by  Ryan 
and  Grim  ( 1968). 

In  this  report,  "upstream"  (towards  the  northeast)  is  the  direc- 
tion from  which  turbidity  currents  flowed  when  the  channel  was  active. 
For  easier  correlation  with  location  maps,  all  bathymetric  profiles  are 
presented  with  the  channel  viewed  upstream. 

2.   CHANNEL  DESCRIPTION 

Figure  2  shows  a  bathymetric  map  of  the  channel;  survey  track- 
lines  crossing  the  channel  (arbitrarily  serialized)  are  presented  in 
figure  3.   The  channel  has  a  general  northeast-southwest  trend,  forming 
a  slight  angle  with  the  Aleutian  trench.   Typically  it  is  about  6  km 
wide  and  50  m  deep  (measured  from  the  tops  of  the  levees  to  the  channel 
bottom).   The  contours  clearly  show  that  the  channel  occupies  the  crest 
of  a  "ridge"  (to  be  discussed  below)  along  most  of  its  course. 

The  northeast  end  of  the  channel  is  located  on  the  south  wall  of 
the  Aleutian  trench  at  about  the  4800-m  contour.   Farther  north  it  has 
apparently  been  obliterated  by  slumpinq.   North  and  west  of  Sirius  sea- 
mount,  there  are  meanders  with  an  average  "wavelength"  of  about  35  km. 
The  channel  floor  rises  irregularlv  alona  this  seament  (crossings  I  to 
24)  to  a  depth  of  about  4590  m  and  then  deepens  again  towards  the 
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southwest.  At  crossings  36  to  38  It  bends  sharply  towards  the  west, 
widens,  and  at  a  depth  of  about  4750  m  passes  between  two  ridges  (see 
fig.  2).  West  of  the  ridges  it  cannot  be  traced  as  a  single  feature. 

Tracings  of  PDR  records  are  presented  In  figures  4  through  1, 
where  the  horizontal  scale  Is  based  on  a  ship  speed  of  15  kt.   The  error 
In  this  scale  for  Individual  profiles  Is  judged  to  be  less  than  10  per- 
cent. 

Profiles  i  to  8  (fig.  4)  were  made  where  the  channel  makes  a  very 
pronounced  meander.  The  regional  tilting  caused  by  the  Aleutian  trench 
is  clearly  indicated  in  several  of  the  crossings.  Crossings  5,  6,  1,    and 
8  show  that  the  channel  is  bordered  on  the  west  by  a  north-south  trending 
r I dge . 

The  PDR  profiles  in  figure  5  were  taken  over  the  central  part  of 
the  channel.   The  reversal  of  the  axial  gradient  is  clearly  seen  in  this 
figure.  I.e.,  the  channel  deepens  both  upstream  and  downstream  from 
crossing  24.  At  crossings  20  and  21  the  sharpness  of  the  top  of  the 
right  levee  suggests  that  this  may  be  a  structural  feature  rather  than  a 
true  levee. 

In  figure  6  the  channel  can  be  followed  easily  from  profiles  30 
to  37.  Downstream  from  crossing  37,  it  bends  abruptly  to  the  west, 
probably  as  a  result  of  structural  control  from  underlying  east-west 
trending  ridges.  At  the  bend  itself  there  is  a  suggestion  that  the  tur- 
bidity currents  may  have  overridden  the  right  levee  and  flowed  to  the 
south.  However,  fathograms  are  not  available  to  substantiate  this.  At 
crossing  38  the  channel  is  difficult  to  Identify  because  of  the  very 
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figure  4.   PDR  tracings  I  throuqh  8.   See  figure  3  for  locations.   Ver- 
tical exaqqeratlon  is  about  30, 


small  right  levee.  This  abrupt  bend  in  the  channel  is  further  complicated 
by  the  secondary  channel-type  features  seen  in  profiles  36  and  37.  Far- 
ther to  the  west  (crossings  41,  42,  and  43)  the  channel  widens  and 
loses  its  distinctive  shape. 

To  the  west  the  channel  passes  between  two  ridges  (fig.  7). 
Crossings  44  and  45  show  a  distinct  single  channel-like  feature  between 
the  ridges  but  crossing  46  suggests  that  the  turbidity  currents  probably 
flowed  on  either  side  of  the  small  ridge  between  the  large  ridqeS:  West 
of  the  ridges,  i.e.,  west  of  profile  46,  the  flow  was  apparently  more  as 
sheet  flow  rather  than  channelized  flow,  since  it  is  impossible  to 
identify  a  single  feature  as  the  channel.   Several  channel-type  features, 
such  as  relatively  abrupt  topographic  changes  similar  to  levees,  occur, 
but  these  generally  cannot  be  correlated  across  the  tracklines  run  in 
this  area  (see  fig.  2) . 

The  channel  profiles  presented  in  figures  4  through  7  vary  great- 
ly. Much  of  this  variation  is  caused  by  obvious  structural  control, 
e.g.,  profiles  5,  6,  7,  and  8;  some  variations  are  the  result  of  probable 
structural  control,  e.g.,  the  right  "levees"  of  profiles  20  and  21.  Most 
of  the  profiles  that  appear  to  be  unaffected  by  structure  also  show  that 
the  channel  varies  considerably  in  shape  and  cross-sectional  area  (with 
the  angle  of  the  crossing  taken  into  consideration).   For  example:   The 
shapes  and  relative  heights  of  levees  change  appreciably  over  very  short 
distances  (crossings  13  to  17);  some  crossings  (17  and  18)  show  a  flat 
channel  floor;  others  have  a  rounded  floor  or   one  that  changes  its  slope 
very  abruptly  (crossings  31  and  33);  and  there  is  considerable  variation 


Figure  5.   PDR  tracings  9  through  29.   A  depth  of  4600  n^  is  indicated 
for  each  tracing.  See  figure  3  tor  locations.  Vertical 
exaggeration  is  about  30, 
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Figure  6.    PDR  tracings  30  to  43.   A  depth  of  4700  m  is  indica^ed 

for  each  tracing.   See  figure  5  for  locations.  Vertical  exag- 
geration is  about  30. 
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in  the  cross-sectional  area  over  short  distances  (crossings  25  to  51). 
Profiles  41,  42,  and  43  are  remarkably  different  In  that  they  all  display 
a  rather  indistinct  right  levee  and  a  very  irregular  channel  bottom. 

3.  DIRECTION  OF  FLOW 

Turbidity  currents  must  have  flowed  to  the  southwest  when  the 
channel  was  active  because  (I)  the  only  plentiful  supply  of  material  for 
turbidites  is  continental  North  America, wh Ich  is  north  and  east  of  the 
channel,  (2)  in  general  the  Aleutian  abyssal  plain  deepens  towards  the 
south,  and  (3)  the  right  levee  (looking  downstream)  is  consistently  higher 
than  the  left  levee  between  crossings  32  and  44  (where  the  relative 
heights  of  the  channel  levees  have  apparently  been  little  affected  by  the 
formation  of  the  trench,  and  where  the  channel  does  not  meander).  This 
is  consistent  with  observations  that  in  the  northern  hemisphere,  looking 
downstream,  the  levee  on  the  right  side  is  higher  because  of  the  Coriolis 
effect.   In  addition,  the  SEAMAP  channel  is  roughly  parallel  to  the  other 
active  or  potentially  active  channels  in  the  northeast  Pacific,  all  of 
which  have  a  downstream  direction  towards  the  southwest  (fig.  I). 

4.  THE  AXIAL  PROFILE 

Figure  8  shows  levee  heights  and  the  channel  bottom  plotted  as  a 
function  of  distance  along  the  channel.  From  crossing  I  (the  deepest 
part  of  the  channel)  the  floor  rises  very  irregularly  with  an  average 
gradient  of  about  1.0  m/km  to  its  highest  point  at  crossing  24.  Three 
prominent  secondary  "peaks"  occur  at  crossings  3,  10,  and  15.  Downstream 
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Fiqure  7.   PDR  tracings  44,  43^and  46.  A  depth  o^  4700  m  is  indicated 
for  each  tracing.   See  figure  3  for  locations.   Vertical 
exaggeration  is  about  30. 
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from  crossing  24  the  channel  deepens  with  a  relatively  constant  gradient 
of  1.4  m/km  to  crossing  31.  Between  crossings  31  and  37  the  channel's 
gradient  Is  essentially  zero,  and  downstream  from  crossing  37  the  channel 
deepens  with  a  gradient  of  about  0.8  m/km  to  crossing  46. 

The  three  secondary  peaks  upstream  from  crossing  24  may  be,  for 
the  most  part,  the  result  of  an  Irregular  pre-trench  axial  gradient  that 
was  not  uniformly  downbowed  by  the  trench.   (The  meanders  cause  the 
channel  to  "approach"  the  trench  In  an  Irregular  manner,  which  would 
result  In  this  uneven  downbowing). 

Because  the  channel  consistently  deepens  from  crossings  24  to  46 
(with  the  exception  of  several  minor  gradient  reversals)  with  gradients 
similar  to  known  active  or  potentially  active  deep  sea  channels,  the 
axial  profile  In  this  segment  of  the  channel  Is  probably  similar  to  that 
which  existed  when  the  channel  was  active.  The  minor  gradient  reversals 
suggest  that  some  minor  changes,  perhaps  caused  by  the  formation  of  the 
trench  or  post-trench  processes,  have  occurred  to  alter  the  relative 
depths  of  different  parts  of  this  segment  of  the  channel. 

5.   LEVEE  HEIGHT  DIFFERENCES 

As  shown  In  figure  8,  the  comparative  heights  of  the  right  and 
left  levees  differ.  Between  crossings  II  and  19,  where  the  channel 
meanders,  the  higher  levee  corresponds  to  that  part  of  the  channel  where 
a  turbidity  current,  flowing  towards  the  southwest,  would  tend  to  over- 
flow the  channel  because  of  the  current's  Inertia  (fig.  3).  This  agrees 
with  the  suggestion  made  by  Bufflngton  (1952)  and  DIetz  (1958)  that 
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turbidity  currents  would  tend  to  deposit  more  sediment  on  the  levee  of 
the  outside  bend  of  a  channel,  making  this  levee  higher  and  resulting  in 
an  asymmetrical  channel  cross  section. 

Downstream  from  crossing  32,  where  the  channel  is  straighter 
(except  for  the  sharp  bend  near  crossing  37),  the  left  levee  is  consist- 
ently higher  than  the  right  levee.  This  is  in  accord  with  the  proposal 
that,  in  the  northern  hemisphere,  the  Coriolis  force  causes  the  surface 
of  turbidity  currents  to  be  tilted,  so  that  when  looking  downstream  the 
right  side  of  the  surface  is  higher  than  the  left,  resulting  in  a  higher 
right  levee  being  built  (Menard,  1955;  Menard  et  al.,  1965;  Hamilton, 
1967).   (Note  that  figures  4  through  7  are  drawn  as  one  would  view  the 
channel  looking  upstream). 

Thus,  between  crossings  II  and  19  and  downstream  from  crossing 
32,  the  geometry  of  the  levees  supports  both  ideas  advanced  to  explain 
levee  height  differences.   For  other  parts  of  the  channel,  however,  these 
explanations  do  not  seem  to  be  valid  and  in  considering  the  causes  of 
such  differences  the  following  complicating  factors  must  be  taken  Into 
account:   (I)  It  is  difficult  to  assess  the  relative  contributions 
expected  from  the  Inertia  and  Coriolis  effects;  (2)  apparently  structural 
control  influences  levee  heights  to  a  considerable  degree;  for  example, 
the  shape  of  the  right  "levee"  at  crossings  20  and  21  suggests  this  may 
be  a  structural  feature  (fig.  5);  and  (3)  the  original  relative  heights 
may  have  been  significantly  changed  by  the  effects  of  trench-forming 
or  post-trench  processes. 


At  crossings  25  and  26,  the  sharpness  of  the  bends  in  the  channel 
would  suggest  a  higher  right  levee  from  the  inertia  effect,  rather  than 
the  higher  left  levee  shown.   This  is  possibly  due  to  structural  control 
but,  if  so,  it  is  not  indicated  by  the  profiles  in  figure  5.   Similarly, 
a  higher  right  levee  would  be  predicted  from  considerations  of  the  inertia 
effect  at  crossings  36,  37,  and  38.   There,  however,  the  channel  appears 
to  be  complicated  by  structural  control  and  the  right  levee  nay  have 
been  partially  destroyed  in  this  section  of  the  channel,  possibly  in  a 
late  stage  of  channel  development. 

6.   ELEVATION 

Alonq  most  of  its  length  the  channel  lies  on  the  crest  of  a 
"ridge"  south  of  the  Aleutian  trench  (figs.  2  and  9).  Hamilton  (1967) 
has  observed  similar,  but  less  pronounced,  channel  elevations  in  other 
areas  of  the  northeast  Pacific.  His  seismic  reflection  results  clearly 
show  that  deep-sea  channels  are  depositional  features.  This  suggests 
that  the  SEAMAP  channel  is  located  on  an  unusual Iv  thick  accumulation  of 
sediments. 

The  near-parallelism  of  much  of  the  channel  (and  ridge)  with  the 
trench  appears  to  be  coincidental.   It  seems  verv  likelv  that  this  ridae 
is  a  sedimentary  feature  unrelated  to  the  structural  outer  ridge  of  the 
Aleutian  trench  because  (I)  the  channel  occupies  the  exact  crest  of  the 
ridge  and  its  distance  from  the  trench  is  not  constant  and  (2)  as  shown 
in  figure  9,  for  tens  of  kilometers  on  either  side  of  the  channel,  bathy- 
metric  profiles  tend  to  be  concave  upwards  and  rough  I v  svnmetrical, 
except  for  seamounts,  abvssal  hills,  and  ridges. 
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The  SEAMAP  channel  and  its  ridqe  of  sediments  pose  many  ouestions 
that  may  be  answered  when  seismic  reflection  results  become  available. 
Some  of  these  questions  pertain  to  ( I )  the  location  of  the  outer  ridqe 
south  of  the  trench  as  defined  by  basement;  (2)  the  effects  of  buried 
ridges  and  abyssal  hills  on  the  course  of  the  channel,  especially  near 
I63''W  where  it  bends  abruptly  to  the  west;  (3)  the  thickness  of  the 
pelagic  sediment  cover  that  overlies  the  turbidites;  (4)  the  depositional 
development  of  the  channel  and  the  ridqe  and  the  possible  lateral  migra- 
tion of  the  channel  as  shown  for  other  deep-sea  channels  in  the  northeast 
Pacific  by  Hamilton  (1967);  and  (5)  the  relation  of  the  channel  to  the 
two  ridges  it  passes  between  (profile  FF'  in  fig.  9  and  crossings  44,  45, 
and  46  in  fig,  7)  before  losing  its  identity  as  a  sinqle  feature  west  of 
the  ridges. 

7.  ORIGIN 

Assuming  that  the  pre-trench  gradient  is  approximated  by  that 
portion  of  the  channel  southwest  of  crossing  24,  we  can  compare  it  with 
that  of  other  active  channels.  The  mean  gradient  from  crossings  24  to 
46  is  about  0.75  m/km,  but  as  pointed  out  above  the  gradient  varies 
greatly  from  almost  zero  between  31  and  37  to  1.4  m/km  between  24  and  31. 
Cascadla  channel  (fig.  I), whose  axial  profile  is  similar  to  that  of  other 
channels  in  the  northeast  Pacific,  has  gradients  of  1.83,  1.67,  and  1.17 
m/km  at  respective  distances  of  about  165,  275,  and  435  km  from  the  base 
of  the  continental  slope  (Hurley,  I960).   Shepard  (1966)  shows  that  the 
gradient  of  the  Monterey  fan  valley  (upstream  and  continuous 
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with  the  Monterey  deep-sea  channel)  increases  from  II  m/km  on  the  inner 
fan  close  to  Monterey  canyon  to  3.8  m/km  at  a  meander  about  75  km  south- 
west of  Monterey  peninsula  in  California,  and  Heezen  et  al.,  (1959)  have 
found  that  in  the  northwest  Atlantic  the  midocean  "canyon",  where  it  is 
thousands  of  kilometers  from  its  source,  has  a  gradient  penerally  ranging 
from  about  0.25  to  0,5  m/km. 

Although  there  are  many  difficulties  in  using  such  comparisons 
to  obtain  an  approximate  distance  between  the  channel  section  from  cross- 
ings 24  to  46  and  the  ancient  source  of  turbidites,  the  comparisons 
suggest  that  this  section  was  at  least  several  hundred  kilometers  from 
the  sediment  source.  On  the  other  hand,  as  pointed  out  above,  the  loca- 
tion of  the  channel  on  top  of  a  ridge  implies  an  unusually  thick  accumu- 
lation of  sediment,  suggesting  that  the  source  area  of  the  channel  may 
have  been  relatively  close,  perhaps  in  the  region  between  the  Shumagin 
Islands  and  Kodiak  Island  (fig.  I).  Our  echo  soundings,  taken  mainly 
along  north-south  lines,  have  not  revealed  the  presence  of  the  channel 
north  of  the  trench.   It  seems  likely  that  north  of  the  segment  discussed 
in  this  paper  the  channel  has  been  obliterated. 

An  alternate  explanation  for  its  origin  (suggested  by  R.  Nayudu, 
personal  communication)  is  that  the  channel  may  have  been  the  downstream 
part  of  one  of  the  channels  in  the  northern  part  of  the  Gulf  of  Alaska, 
such  as  the  Surveyor  channel  (fig.  I).  This  would  mean  that  the  part  of 
the  channel  that  looped  over  the  area  about  to  be  downbowed  was  destroyed 
when  the  trench  formed. 
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8.   AGE  OF  ALEUTIAN  TRENCH 

Since  turbidity  currents  cannot  flow  through  the  SEAMAP  channel 
at  present  and  cannot  reach  any  oart  of  the  central  and  northern  Aleutian 
abyssal  plain  because  of  the  intervening  Aleutian  trench,  dating  of  the 
top  of  the  turbid ite  sequence  should  give  the  age  of  the  trench,  although^ 
as  will  be  shown,  this  is  not  necessarily  true  if  the  sea  floor  south  of 
the  trench  is  being  thrust  into  the  trench  by  the  mechanism  of  sea-floor 
spreading.  This  age  has  been  estimated  by  Hamilton  (1967)  at  about  50 
million  years,  based  on  a  thickness  of  about  100  m  of  acoustical Iv  trans- 
parent sediment  (the  covering  of  pelagic  material)  and  a  sedimentation 
rate  of  0.2  cm/1000  years.   Using  other  combinations  of  thickness  and 
sedimentation  rates,  he  gives  a  range  from  about  20  to  100  million  vears. 
The  sedimentation  rate  of  0,2  cm/ 1 000  years  is  based  on  Scripps  Chinook 
core  II  (Goldberg  and  Koide,  1958)  located  about  650  km  west  of  the 
Aleutian  abyssal  plain.  However,  more  recenr  rates  derived  from  paleo- 
magnetic  studies  of  cores  in  the  same  area  are  much  higher,  suggesting  a 
more  probable  average  rate  between  0.75  to  I  cm/1000  vears  (Ninkovitch 
et  a  I.,  1966),  According  to  these  rates,  the  pelagic  cover  would  be  10 
to  15  million  years  old, 

9.   THE  SEAMAP  CHANNEL  AND  SEA-FLOOR  SPREADING 

Because  of  its  unigue  nature  and  Its  location  south  of  the 
Aleutian  trench,  it  Is  of  interest  to  examine  the  SEAMAP  channel  in  the 
light  of  the  hypothesis  of  sea-floor  spreading  (Hess,  1962;  Dietz,  1961), 
whereby  oceanic  crust,  and  the  sediment  accumulated  on  it,  is  carried  to 
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the  trenches  and  thrust  downward  along  active  seismic  zones.   (For  a 
current,  we  II -documented  discussion  of  this  hypothesis,  see  I  sacks  et  a  I,, 
1968),   The  SEAMAP  channel,  next  to  the  active  Aleutian  trench  (flq.  I)> 
should,  therefore,  be  carried  Into  the  trench  where  It  will  be  destroyed 
within  several  million  years.  The  hypothesis  also  predicts  that  much  of 
the  upstream  part  of  the  channel  has  already  been  so  destroyed. 

Recent  studies  show  that  sea-floor  spreading  Is  probably  episodic, 
with  the  latest  period  beginning  about  10  million  years  ago  (e.g.,  Ewlng 
and  Ewlng,  1967;  Le  Plchon,  1968;  Isacks  et  al.,  1968).  The  direction  of 
spreading  south  of  the  trench  for  this  period  has  been  postulated  as  be- 
ing from  southeast  to  northwest  (see,  for  example,  McKenzle  and  Parker, 
1967;  Le  Plchon,  1968;  and  Isacks  et  al.,  1968).  The  amount  of  spreading 
can  be  estimated  at  about  500  km  If  we  combine  10  million  years  with  a 
spreading  rate  of  about  5  cm/year,  as  deduced  by  Le  Plchon  (1968),  for 
this  part  of  the  Aleutian  trench.  This  agrees  fairly  well  with  the 
amount  obtained  Independently  by  Isacks  et  a  I.,  (1968)  who  assume  that 
fhe  length  of  the  seismic  zones  beneath  Island  arcs  Is  a  measure  of  the 
amount  of  spreading  In  the  last  10  million  years.  They  show  that  the 
length  of  the  seismic  zone,  and, therefore,  the  amount  of  spreading  In 
this  period, Is  about  350  to  400  km  for  this  part  of  the  Aleutian  trench. 
Thus  the  SEAMAP  channel  10  million  years  ago  would  have  been  about  350  to 
500  km  southeast  of  Its  present  location. 

If  all  of  this  Is  true,  the  following  history  of  the  SEAMAP 
channel  Is  suggested.  Ten  million  years  ago  the  sea  floor  In  this  region 
was  static,  the  Aleutian  trench  did  not  exist,  and  turbidity  currents  flowed 
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through  the  SEAMAP  channel  onto  the  Aleutian  abyssal  plain.   The  channel 
was  much  longer,  and  the  segment  we  see  today  was  550  to  500  km  southeast 
of  its  present  location.   Spreading  then  started  (which  is  in  fair  agree- 
ment with  the  10  to  15  million  years  suggested  in  sec.  8  by  pelagic 
sediment  thickness  and  accumulation  rates)  and  the  Aleutian  trench  formed, 
cutting  off  the  supply  of  the  turbldlte  material  from  the  SEAMAP  channel 
and  the  Aleutian  abyssal  plain.  The  channel  was  carried  towards  the 
trench  In  a  northwesterly  direction  at  a  rate  of  about  5  cm/year,  and 
the  upstream  part  was  continuously  destroyed  as  the  sea  floor  was  thrust 
Into  the  trench.   Today  only  350  to  400  km  of  the  channel  remain.   Con- 
tinued spreading  In  a  direction  of  about  50**  west  of  north  (as  suggested 
by  Le  Pichon,  1968)  will  cause  this  part  of  the  channel  to  be  destroyed 
In  about  2  or  3  ml  I  I  Ion  years. 

Two  aspects  of  the  channel  suggest,  however,  that  it  may  have 
been  close  to  Its  present  position  when  the  trench  cut  it  off  from  its 
turbldlte  supply.  The  first,  as  pointed  out  above,  Is  The  probable 
presence  of  an  unusually  thick  accumulation  of  sediment,  which  would 
Indicate  that  the  channel  was  relatively  near  a  supply  of  turbldlte 
material  on  the  continental  slope.   The  second  is  the  wel l-deve loped 
meanders  that  occur  only  upstream  (trenchward)  of  the  gradient  reversal 
(figs.  3  and  8),  which  suggest  that  these  meanders  are  related  in  some 
manner  to  the  formation  of  the  trench,  perhaps  on  a  sea  floor  that  was 
becoming  flatter  In  response  to  the  Incipient  formation  of  the  trench, 
although   it  is  of  course  also  possible  that  the  meanders  result  from 
structural  control  that  by  coincidence  Is  far  rt>ore  dominant  upstream 
than  downstream  from  the  reversal, 
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Another  relationship  between  the  channel  and  trench,  based  on  the 
hypothesis  of  sea-floor  spreading,  is  possible.  Since  the  SEAMAP  channel 
may  be  the  downstream  part  of  one  of  the  channels  in  the  Gulf  of  Alaska 
(fig.  I)  as  suggested  above,  turbidity  currents  could  have  continued  to 
flow  through  it  after  the  trench  formed,  since  the  sea  floor  was  hundreds 
of  kilometers  southeast  of  its  present  location,  with  the  result  that  the 
channel  did  not  become  isolated  until  an  upstream  segment  of  it  was 
carried  into  the  trench.   If  we  accept  this  explanation,  the  time  reguired 
for  the  pelagic  cover  of  sediments  to  accumulate  would  be  less  than  the 
age  of  the  trench. 
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Magnetic  anomalies  south  of  the  Aleutian  trench  between  164°  and  180°W  trend  east-west. 
The  magnetic  pattern  is  disrupted  at  173°W  and  177°30'W  by  north-south-trending  fracture 
zones  named  Amiia  and  Adak  fracture  zones,  respectively.  Correlation  of  magnetic  anomaly 
profiles  shows  apparent  left-lateral  offsets  of  220  km  across  the  Amlia  fracture  zone  and  30  km 
across  the  Adak  fracture  zone.  The  amplitudes  of  the  anomalies  are  sharply  reduced  where 
they  intersect  the  trench,  resulting  in  a  magnetically  'quiet  zone'  over  most  of  the  Aleutian 
trench  and  terrace.  Although  there  are  suggestions  that  the  fracture  zones  extend  north  of 
the  trench,  the  evidence  is  inconclusive. 


Introduction 

This  paper  describes  two  recently  discovered 
fracture  zones  and  shows  magnetic  trends  south 
of  the  Aleutian  trench  between  164°W  and  180° 
(Figures  1  and  2).  The  names  Amlia  and  Adak 
have  been  proposed  to  the  Board  on  Geographic 
Names  for  these  fracture  zones. 

Most  of  the  data  are  from  the  1961-1964 
work  of  the  ships  Pioneer  and  Surveyor,  en- 
gaged in  ESSA's  North  Pacific  Seamap  survey. 
In  addition,  several  tracklines  were  run  in  1968 
by  the  Surveyor  and  Oceanographer  to  verify 
the  southward  extension  of  the  Amlia  fracture 
zone  and  to  provide  additional  detailed  data. 
The  north-south  tracklines  indicated  in  Figure 
2  are  generally  spaced  about  18  km  and  were 
controlled  by  Loran  C,  which  has  an  accuracy 
of  about  %  km  in  this  area.  Measurements  in- 
clude depth  soundings  from  a  precision  depth 
recorder  (converted  to  corrected  meters)  and 
the  total  magnetic  field  of  the  earth  made  with 
a  proton  precession  magnetometer. 

The  regional  magnetic  field  was  removed  from 
the  observations  by  using  values  calculated  by  a 
spherical  harmonic  expansion  [Hendricks  and 
Cain,  1966].  No  corrections  were  made  for  daily 
variations.  The  magnetic  anomalies  are  num- 
bered by  the  system  used  by  Lamont  workers 
[Pitman  et  at.,  1968].  Since  anomaly  32  ap- 
pears as  two  prominent  peaks,  we  have  num- 
bered these  32A  and  32B. 

During  the  last  decade  an  extensive  pattern 
of  linear  north-south-trending  magnetic  anoma- 
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lies  has  been  revealed  in  the  northeastern  Pacific 
[Mason,  1958;  Mason  and  Raff,  1961 ;  Raff  and 
Mason,  1961].  Where  this  pattern  is  crossed  by 
the  Murray,  Pioneer,  and  Mendocino  fracture 
zones,  it  was  found  that  the  offset  of  the  mag- 
netic pattern  provided  a  measure  of  the  appar- 
ent horizontal  slip  along  each  fracture  zone 
[Mason,  1958;  Vacquier,  1959;  Mason  and 
Raff,  1961;  Vacquier  et  al.,  1961;  Raff,  1962]. 
Raff  [1966]  and  Peter  [1966]  have  shown  that 
just  north  of  the  Mendocino  fracture  zone  the 
anomalies  are  found  as  far  west  as  165°W  (se° 
Figure  1).  Reports  based  on  Seamap  data  have 
delineated  the  northward  continuation  of  the 
anomahes  [Petei  and  Stewart,  1965],  their 
offset  by  the  Surveyor  fracture  zone  [Peter, 
1966],  and  the  westward  bend  (the  Great  Mag- 
netic Bight)  between  47°  and  52°N  [Elvers, 
Peter,  and  Moses,  1967;  Elvers,  Mathewson, 
Kohler,  and  Moses,  1967].  Our  results  show 
the  westward  continuation  of  the  anomalies  be- 
tween 164°  and  180°W  and  their  offset  by  the 
Amlia  and  Adak  fracture  zones  [Grim  and 
Erickson,  1967].  The  existence  of  the  Amlia 
fracture  zone  has  been  shown  independently  by 
Hayes  and  Heirtzler  [1968]. 

The  east-west  continuity  of  the  magnetic 
anomalies  is  clearly  demonstrated  by  profiles  M 
through  U  in  Figures  2  and  3.  The  total  se- 
quence of  anomalies  28  through  32B  is  shown 
on  profile  K  (Figures  2  and  5).  We  have  ob- 
served no  interruption  of  the  anomahes  at 
171  °W  as  speculated  by  Hayes  and  Heirtzler 
[1968]. 

The  ampHtudes  of  the  anomalies  are  sharply 
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Fig.  1.  Index  map  with  some  of  the  magnetic  anomalies  shown  schematically.  See  Figure  2 
for  details  within  the  outlined  area.  Peter's  [1966]  'guide  anomalies'  (numbers  25  and  26)  are 
shown  to  illustrate  the  offsets  across  fracture  zones. 


reduced  where  they  intersect  the  trench.  In 
Figure  3  profiles  M,  N,  and  P  appear  to  show 
vestiges  of  anomaly  25  crossing  the  trench  and 
continuing  onto  the  Aleutian  terrace  with  a 
greatly  reduced  amplitude.  Profiles  west  of  M 
(not  shown)  suggest  that  anomaly  26  likewise 
crosses  the  trench  (see  Figure  2  for  these  pos- 
sible extensions) .  No  indication  of  anomaly  27  is 
found  beyond  the  trench,  although  the  large 
negative  anomaly  south  of  anomaly  27  extends 
across  the  trench  to  the  north  wall  (see  profile 
K).  Anomalies  28  and  29  are  oiTset  by  the  Amlia 
fracture  zone  south  of  the  trench. 

The  magnetic  field  tends  to  be  generally 
smooth  over  the  trench.  Hayes  and  Heirtzler 
[1968]  have  noted  this  and  called  it  a  'quiet 
zone.'  High-frequency  anomalies  are  found  in 
shallow  water  to  the  north  [Hayes  and  Heirtzler, 
1968;  Keller  et  al,  1954;  Skorpen,  1967]  where 
the  tracklines  cross  the  Aleutian  ridge. 

Amlia  Fracture  Zone 

The  Amlia  fracture  zone,  named  for  Amlia 
Island,  trends  north-south  at  about  173°W 
(Figures  1  and  2).  Its  location  is  shown  by 
changes  in  both  the  bathymetry  and  the  mag- 
netic pattern  south  of  the  trench   (Figure  4). 


West  of  the  Amlia  fracture  zone  the  topography 
is  dominated  by  east-west-trending  ridges  and 
troughs  with  relief  averaging  about  500  meters ; 
east  of  the  fracture  zone  the  topography  is 
characterized  by  subdued  east-west  trends  with 
a  relief  of  about  200  meters.  The  location  of 
the  axis  of  the  Amlia  fracture  zone  (shown  in 
Figure  4  by  arrows)  is  based  on  the  disruption 
of  the  magnetic  pattern.  The  conspicuous  topo- 
graphic depression  extending  south  from  the 
Aleutian  trench  (outlined  by  the  5600-meter 
contour)  is  not  reflected  by  the  magnetic  anom- 
alies but  is  probably  associated  with  the  fracture 
zone.  No  obvious  topographic  expression  of  the 
fracture  zone  is  found  within  the  trench. 

Figures  1  and  2  show  a  left-lateral  displace- 
ment of  the  magnetic  pattern  across  the  Amlia 
fracture  zone.  Correlation  across  the  fracture 
zone  is  based  on  a  comparison  of  profiles  H  and 
J  west  of  the  Amlia  fracture  zone  with  profiles 
K,  L,  and  S  to  the  east  (Figures  2  and  5). 
Anomalies  25  and  26  are  not  present  on  profiles 
K  and  L  because  they  disappear  at  the  trench 
farther  east.  The  left  half  of  Figure  5  has  been 
shifted  north  by  2°  of  latitude  to  bring  the 
pattern  of  magnetic  anomalies  into  alignment. 
The  correlation  of  the  pattern  with  this  shift, 
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Fig.  2.  Location  of  magnetic  anomalies  25  through  32B.  Heavy  lines  represent  anomalies; 
lighter  lines  represent  idealized  tracklines.  Shaded  areas  denote  fracture  zones,  Aleutian  trench 
depths  greater  than  3500  fathoms  (6400  meters),  and  the  Amlia  basin.  Magnetic  anomaly 
profiles  along  the  dashed  tracklines  A  through  U  are  shown  in  Figures  3,  5,  and  6.  The  data 
east  of  164° W  have  been  previously  described  by  Elvers,  Mathewson,  Kohler,  and  Moses 
11967]. 


Fig.  3.  Magnetic  anomaly  profiles  showing  the 
intersection  of  anomalies  25  and  26  with  the  Aleu- 
tian trench.  See  Figure  2  for  profile  locations. 


therefore,  indicates  an  apparent  horizontal  off- 
set of  2"  of  latitude  or  220  km  for  anomalies  25 
through  31.  This  offset  is  approximately  the 
same  for  each  of  these  anomalies.  The  distances 
between  anomalies  31,  32A,  and  32B  are  not 
constant,  however,  which  results  in  apparent 
offsets  much  less  than  220  km. 

Figure  2  shows  that  anomaly  32A  has  a  rela- 
tively constant  separation  from  anomaly  31 
between  164°  and  168°W.  Between  168°  and 
169°W  anomaly  32A  appears  to  be  offset  left- 
laterally  by  about  60  km.  Anomaly  32B  may 
also  have  such  an  offset  east  of  168°W.  This 
offset  does  not  extend  north  of  49°N  as  shown 
by  the  continuity  of  anomaly  31.  Between 
169°W  and  the  Amlia  fracture  zone,  anomalies 
32A  and  32B  trend  easl^west  with  a  relatively 
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constant  separation  of  about  90  km.  The  appar- 
ent left-lateral  offsets  of  32A  and  32B  across  the 
Amlia  fracture  zone  are  160  and  120  km,  re- 
spectively. West  of  the  fracture  zone  anomaly 
32B  trends  slightly  south  of  west  increasing  its 
distance  from  32A.  Similar  discrepancies  of 
magnetic  offset  have  been  observed  across  the 
Murray  fracture  zone  [Raff,  1962].  It  seems 
likely  that  this  varying  separation  of  anomalies 
is  responsible  for  what  Hayes  and  Heirtzler 
[1968]  identify  as  a  repeated  anomaly  along  one 
of  their  tracklines  and  tentatively  interpret  as 
indicating  a  fracture  zone  at  171  °W. 

South  of  the  trench  the  amplitudes  of  anom- 
alies 25  through  27  are  uniformly  high  to  the 
east  of  the  fracture  zone  and  uniformly  low  to 
the  west.  An  e.xamination  of  ocean  floor  depths 
shows  that  changes  in  bathymetry  cannot  ac- 
count for  this  observation.  The  remaining  anom- 
ahes  (28  through  32B)  generally  have  about  the 
same  amplitude  on  both  sides  of  the  fracture 
zone. 

The  Amlia  fracture  zone  extends  southward 
to  at  least  45  °N,  as  shown  by  the  offset  of 
anomaly  32B.  Further  surveys  of  the  Seamap 
type  are  likely  to  show  the  relationship  of  the 
north-south-trending  Amlia  fracture  zone  with 
the  east-west-trending  fracture  zones  to  the 
south  (see  Figure  1). 


Adak  J^'racture  Zone 

The  anomalies  continue  westward  from  the 
Amlia  fracture  zone  to  approximately  177°30^V. 
Here  the  pattern  is  disturbed  by  the  AJak  frac- 
ture zone  which  has  an  apparent  left-lateral 
offset  of  about  30  km.  The  offset  of  anomaly 
25  is  clearly  shown  by  the  sequence  of  profiles 
in  Figure  0  and  the  magnetic  anomaly  map 
(Figure  7).  This  offset  was  not  seen  by  Hayes 
and  Heirtzler  [1968]  from  their  more  widely 
spaced  tracklines. 

The  topographic  expression  of  the  Adak  frac- 
ture zone,  which  consists  of  several  seamounts 
and  depressions  (Figure  7),  is  less  striking  than 
that  of  the  Amlia  fracture  zone.  As  with  the 
Amlia  fracture  zone,  there  is  no  obvious  topo- 
graphic expression  of  the  Adak  fracture  zone 
within  the  trench.  Both  the  magnetic  and  the 
bathymetric  data  indicate  a  general  north-south 
trend. 

Discussion 

Eecent  studies,  based  on  the  hypothesis  of 
sea-floor  spreading  [Hess,  1962;  Dietz,  1961] 
support  the  concept  that  the  surface  of  the 
earth  is  made  up  of  large  mobile  plates  of 
lithosphere  that  interact  along  their  common 
boundaries  [see,  for  example,  Isacks  et  al., 
1968].  The   plates  move  apart  along  oceanic 


Fig.  4.  Magnetic  anomaly  and  bathymetric  maps  of  the  Amlia  fracture  zone.  Depths  are 
in  corrected  meters  with  a  contour  interval  of  200  meters.  Hills  and  seamounts  with  depths 
less  than  4600  meters  are  in  black  with  the  minimum  depth  indicated.  Depths  greater  than 
5600  meters  are  shaded.  Magnetic  anomalies  are  contoured  in  hundreds  of  gammas;  positive 
areas  are  shaded.  The  approximate  axis  of  the  fracture  zone  is  indicated  by  the  arrows. 
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Fig.  5.  Magnetic  anomaly  profiles  showing  the 
offset  across  the  Amlia  fracture  zone.  The  vertical 
dashed  line  separates  profiles  that  are  east  of  the 
fracture  zone  from  those  to  the  west.  See  text  for 
additional  description  and  Figure  2  for  profile 
locations. 


m.y.  the  sea  floor  south  of  the  Aleutian  trench 
has  moved  about  500  km  to  the  northwest  rela- 
tive to  the  Aleutian  ridge  [see,  for  example, 
Le  Pichon,  1968].  Therefore,  there  should  be 
no  continuity  of  linear  features  on  the  sea  floor 
across  the  f'ench  onto  the  Aleutian  ridge.  How- 
ever, prominent  topographic  features  on  the 
Aleutian  ridge  are  approximately  aligned  with 
the  fracture  zones,  which  suggests  that  they 
may  be  related. 

A  hypothetical  projection  of  the  Amlia  frac- 
ture zone  northward  along  173°W  would  pass 
through  Amlia  basin.  The  basin  is  a  large  ellipti- 
cal submarine  depression  that  hes  in  the  area 
between  the  Andreanof  Islands  and  the  wider 
eastern  segment  of  the  Aleutian  arc  [Perry  and 
Nichols,  1966].  Within  this  area  the  trends  of 
the  ridge,  trench,  and  lines  of  volcanoes  change 
markedly  and  the  lines  of  volcanoes  are  notice- 
ably offset  (Figure  8).  Most  of  these  changes 
are,  however,  east  of  the  northern  projection  of 
the  Amlia  fracture  zone  and  perhaps  lie  along 
a  northwest-trending  zone  between  51  °N, 
170°W,  and  53°N,  174°W,  indicating  that  Amlia 
basin  and  the  offset  of  the  volcanoes  may  be  a 
result  of  factors  other  than  the  Amlia  fracture 
zone. 

A  projection  of  the  Adak  fracture  zone  would 
be  in  general  alignment  with  several  discon- 
tinuities on  the  Aleutian  ridge  and  terrace. 
Adak  canyon  separates  regions  of  strikingly 
different  topography  [Perry  and  Nichols,  1965] 
(Figure  8).  The  sea  floor  east  of  the  canyon 
is  relatively  smooth,  whereas  the  sea  floor  to  the 
west  is  chaotic  and  deeply  mcised  by  canyons 


ridges,  where  new  crust  is  formed  from  ascend- 
ing mantle  materials,  and  they  converge  along 
island  arcs,  where  one  plate  is  overridden  and 
thrust  downward  along  the  sloping  seismic  zone. 

The  mechanical  and  thermal  processes  asso- 
ciated with  the  downward  thrusting  of  the 
oceanic  plate  would  tend  to  destroy  the  rema- 
nent magnetism  of  the  crustal  rocks  and  the 
related  magnetic  anomalies  (see,  for  example, 
the  magnetic  model  presented  by  Hayes  and 
Heirtzler  [1968,  p.  4644]).  The  distribution  of 
the  magnetic  anomahes  we  have  observed  over  a 
large  part  of  the  sea  floor  south  of  the  Aleutian 
arc  is  in  general  agreement  with  this  concept. 

Recent  studies  indicate  that  in  the  last  10 
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Fig.  6.  Magnetic  anomaly  profiles 
offset  across  Adak  fracture  zone.  See 
profile  locations. 


showing  the 
Figure  2  for 
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Fig.  7.    Magnetic  anomaly  and  bathymetric  maps  of  the  Adak  fracture  zone.  See  Figure  4 

for  description. 


ADAK    FRACTURE  ZONE 


AMLIA   FRACTURE   ZONE 


VOLCANO    % 


Fig.  S.  Bathymetric  map  of  part  of  the  Aleutian  arc  showing  its  relationship  to  the  Adak 
and  Amlia  fracture  zones.  Taken  from  the  detailed  maps  of  Nichols  and  Perry  [1966];  con- 
tour interval  is  500  fathoms  (914  meters).  Locations  of  the  volcanoes  are  from  Coats  [1950]. 
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[Nichols  and  Perry,  1966;  Perry  and  Nichols, 
1965],  suggesting  a  structural  difference  between 
the  two  segments  of  slope.  The  Aleutian  terrace 
is  characterized  in  this  area  by  discontinuities 
in  ridges,  basins,  and  the  depth  of  the  foot  of 
the  slope.  Although  these  discontinuities  occur 
near  a  northward  projection  of  the  Adak  frac- 
ture zone,  they  also  occur  at  the  eastern  bound- 
ary of  the  complex  area  at  the  intersection  of 
Bowers  ridge  and  the  arc  and  therefore  could 
also  be  associated  with  tliat  major  deformation 
rather  than  with  the  Adak  fracture  zone. 

Although  a  genetic  relation  between  the  frac- 
ture zones  and  topographic  features  on  the 
Aleutian  ridge  cannot  now  be  established,  the 
possibihty  warrants  further  consideration  in 
view  of  the  constraints  that  would  be  placed  on 
the  amount  and  direction  of  sea-floor  spreading 
at  Aleutian  trench. 
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Fossil  Deep-Sea  Channel  on  the  Aleutian   Abyssal  Plain 

Abstract.  The  discovery  of  a  leveed  deep-sea  channel  whose  axial  gradient 
reverses  near  the  Aleutian  trench  supports  the  hypothesis  that  the  downbowing 
of  the  trench  interrupted  the  turbidity  current  processes  that  constructed  the 
Aleutian  abyssal  plain. 


A  study  of  fathograms  (/)  from  En- 
vironmental Science  Services  Adminis- 
tration Seamap  surveys  has  revealed  a 
deep-sea  channel  which  trends  northeast 
to  southwest  for  a  distance  of  3''0  km 
on  the  Aleutian  abyssal  plain  south  of 
the  Aleutian  trench  (Fig.  1).  The  chan- 
nel, here  named  Seamap  channel,  is 
unusual  in  that  it  slopes  downward  from 
a  summit  located  about  midway  from 
either  end  (Fig.  2a),  thus  precluding  the 
flow  of  turbidity  currents  from  end  to 
end.  It  is  postulated  that  the  section 
northeast  of  the  present  summit  was 
once  higher,  but  has  been  downwarped 
with  the  Aleutian  trench,  thus  cutting 
the  channel  off  from  a  northern  source. 
This  is  in  agreement  with  the  thesis  sug- 
gested by  Hurley  (2)  from  bathymetric 
considerations  and  supported  by  Hamil- 
ton's (i)  seismic  reflection  results  that 
the  Aleutian  plain  has  been  cut  off  from 


its  supply  of  turbidites  by  the  Aleutian 
trench,  leaving  a  fossil  or  relic  abyssal 
plain  whose  only  present-day  supply  of 
sediment  is  pelagic  material  settling 
from  the  water  column. 

The  profiles  across  the  channel  shown 
in  Fig.  2b  are  typical  of  the  channel 
northeast  of  point  B  (Fig.  1).  Its  width, 
measured  between  the  highest  parts  of 
the  levees,  averages  about  6  km,  and  its 
depth  (top  of  levees  to  channel  bottom) 
averages  about  50  m.  West  of  B,  the 
channel  loses  its  distinctive  shape  as*  it 
turns  into  a  region  of  east-west  trending 
ridges.  Farther  west  it  widens  and  be- 
comes indiscernible  as  a  single  feature. 
Upstream  from  point  E  (Fig.  1),  the 
channel  passes  close  to  Sirius  Seaniount 
and  has  well-developed  meanders  aver- 
aging about  35  km  in  wavelength.  It 
finally  disappears  at  a  depth  of  about 
4800  m  on  the  south  wall  of  the  Aleu- 


tian trench  (Fig.  1,  /);  north  of  point 
/  it  has  apparently  been  destroyed  by 
slumping. 

The  direction  that  turbidity  currents 
flowed  when  the  channel  was  active 
must  have  been  from  northeast  to 
southwest  because  (i)  the  only  plentiful 
supply  of  material  for  turbidites  is  con- 
tinental North  America  which  is  north- 
east of  the  channel;  (ii)  in  general  the 
Aleutian  abyssal  plain  deepens  toward 
the  south;  and  (iii)  to  the  southwest  of 
point  E  (Fig.  1),  where  the  relative 
heights  of  the  channel  levees  have  ap- 
parently been  little  affected  by  the 
formation  of  the  trench  (and  where  the 
channel  does  not  meander),  the  right 
levee  (as  one  looks  southwest)  is  con- 
sistently higher  than  the  left  levee.  This 
is  consistent  with  observations  that  in 
the  northern  hemisphere,  as  one  looks 
downstream,  the  levee  on  the  right  side 
is  higher  as  a  result  of  the  Coriolis 
effect  {3.  4). 

It  is  difficult  to  tell  ho\v  closely  the 
axial  profile  (Fig.  2a)  approximates  the 
profile  which  existed  immediately  after 
the  trench  formed,  and  which  parts  of 
it.  if  an\.  represent  the  channel  before 
the  trench  formed.  The  section  of  pro- 
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Fig.  1.  Location  of  Seamap  channel  on  the  Aleutian  abyssal  plain.  TTie  channel  is  shaded  between  tne  Aighest  parts  of  the  levees. 
Depths  are  in  corrected  meters.  Seamounts,  ridges,  and  abyssal  hills  are  shown  in  black.  Tracklines  are  dashed.  The  contour  interval 
changes  north  of  the  5000-m  contour  on  the  south  wall  of  the  Aleutian  trench.  Letters  y4  to  /  correspond  to  points  'long  the  axial 
profile  shown  in  Fig.  2. 


file  from  A  to  E  may  be  close  to  that  of 
the  channel  when  it  was  active.  The 
minor  gradient  reversals  in  this  section 
of  the  channel  could  be  the  results  of 
processes,  operating  during  or  after  the 
trench  formed,  such  as  regional  warp- 
ing of  the  sea  floor  or  nonuniform 
pelagic  sedimentation  rates. 

TTie  downbowed  part  of  the  profile 
(between  E  and  /,  Fig.  2a)  shows  three 
secondary    peaks.    These    possibly    are 


caused  h;,  the  greater  downbowing  by 
the  Aleutian  trench  of  the  north  swings 
of  the  meanders  impressed  on  an  ir- 
regular original  gradient. 

The  trend  of  Seamap  channel  is 
along  the  crest  of  a  broad  rise,  with  the 
floor  of  the  channel  elevated  well  above 
the  general  level  of  the  adjacent  area 
(Fig.  1  and  Fig.  2c).  Similar  but  less 
pronounced  channel  elevations  have 
been  observed  elsewhere  in  the  north- 


east Pacific  (i).  Hamilton's  seismic  re- 
flection data  for  channels  in  the  north- 
east Pacific  clearly  show  that  deep-sea 
channels  are  depositional  features  (i). 
This  suggests  that  Seamap  channel  is 
located  on  an  unusually  thick  wedge  of 
sediment. 

Assuming  that  the  axial  gradient 
which  existed  before  the  trench  formed 
is  approximated  by  that  portion  of  the 
channel  southwest  of  point  E,  we  can 
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Fig.  2.  (a)  Longitudinal  (axial)  profile  of  Seamap  channel.  Vertical  exaggeration  is 
1000.  Letters  A  to  I  are  points  along  the  channel  shown  in  Fig.  1.  (b)  Profiles  across 
channel  from  echo  soundings  at  points  D,  E,  F,  and  G  looking  southwest.  Vertical 
exaggeration  about  30.  (c)  North-south  profile  across  region  along  section  J-J'  of  Fig. 
1    (vertical  exaggeration   of    100). 


compare  its  gradient  with  that  of  other 
active  channels.  The  mean  gradient 
from  ^  to  £  is  0.75  m/km.  However, 
it  shows  much  variability  (it  is  essen- 
tially zero  between  B  and  C,  and  L4 
m/km  between  C  and  E).  Cascadia 
channel,  which  has  an  axial  profile 
similar  to  those  of  other  channels,  ha: 
gradients  of  1.83,  1.67,  and  1.17  m/km 
at  respective  distances  of  about  165,  275. 
and  435  km  from  the  base  of  the  con- 
tinental slope  (2).  Although  there  are 
many  difficulties  in  using  such  compari- 
sons to  obtain  an  approximate  distance 
of  section  A  to  E  from  the  anciem 
source  of  turbidites,  it  seems  reasonable 
that  this  part  of  the  channel  was  at  leas' 
several  hundred  kilometers  from  the 
sediment  source.  An  extrapolation  of 
the  channel  north  of  the  trench  suggests 
that  it  may  have  originated  somewhere 
in  the  area  between  the  Shumagin  Is- 
lands and  Kodiak  Island.  However,  our 
echo  soundings  (mainly  along  north- 
south  lines)  have  not  revealed  the 
presence  of  the  channel  north  of  the 
trench. 


Paul  J.  Grim 
Frederic  P.  Naucler 
Pacific    Oceanographic   Research 
Laboratory,  Seattle.   Washington  98102 
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Possible  Morainal  Deposits  in  the  Gulf  of  Maine* 

REGINALD  N.    HARBISON 

Environmental  Science  Services  Administration,    Atlantic  Oceanographic 

Laboratories,    Miami,    Florida. 

Introduction 

A  detailed  hydrographic,    seismic  reflection  and  magnetic  survey  was  conducted  by  the 
USC&GSS  EXPLORER  in  the  northeastern  Gulf  of  Maine  (Area  A)  along  with  an  additional  1250km 
of  reconnaissance  lines  west  of  Area  A  (  Fig.    1).      Bathymetric,    bedrock,    isopachous  and  total 
magnetic  field  intensity  maps  have  been  prepared  for  Area  A  (Malloy  and  Harbison,    1966).     A 
160-joule  sparker  provided  the  sound  energy  for  the  seismic  work,    and  reflected  signals  were 
recorded  on  a  dual-channel  recorder.      Frequencies  were  recorded  between  300  and  600  Hertz  on 
one  channel  and  600  to  1200  on  the  other.      Raydist  was  used  for  navigational  control  in  Area  A 
(Malloy  et  al.  ,    1964). 

Discussion 


Throughout  Area  A  a  general  northeast- southwest  topographic  trend  prevails  in  the  bed- 
rock in  the  form  of  ridge  and  valley  morphology.     Seismic  reflection  profiles  do  not  reveal  any 
stratification  within  the  bedrock  which  has  been  interpreted  to  be  folded  crystalline  rock  of 
Paleozoic  age,    overlain  in  part  by  Triassic  formations  (Malloy  and  Harbison,    1966).      The  bedrock 
is  overlain  by  acoustically  transparent  sediments  varying  from  0  to  65  m  in  thickness.    Bedrock 
valleys  contain  closed  lows  along  their  thalwegs,    which  suggest  glacial  erosion  and  there  are 
many  sediment  blocked  valleys  which  are  probably  caused  by  glacial  outwash.      Evidence  for 
extensive  glaciation  in  the  Gulf  of  Maine  has  been  presented  by  using  seismic  reflection  data 
(Uchupi,    1966). 

Unusual  shadow  zones  on  the  seismic  reflection  profiles,    apparently  caused  by  areas  of 
reverberated  sound,    occur  in  some  places  within  the  otherv^ise  acoustically-transparent  sediments. 
These  zones  of  apparent  reverberation  have  an  appearance  similar  to  the  deep  scattering  layer 
on  a  fathogram,    but  are  more  intense  and  often  mask  out  much  of  the  bedrock  surface  below. 
The  shadow  zones  are  equally  visible  on  both  channels  of  the  seismic  reflection  records  with  no 
obvious  hyperbolic  reflections.      Many  of  these  shadow  zones  are  present  within  acoustically 
transparent  sediments  with  their  surface  convex  upward  (Fig.    2). 

Geographically,    these  shadow  zones  form  predominantly  sub-bottom  ridges  vAiich  are 
concentrated  along  a  belt  14  km  wide.      This  belt  is  centered  on  the  90  m  isobath  which  is 
approximately  parallel  to  the  coast  and  is  30  to  40  km  offshore  (Fig.    3).      These  ridges  average 
between  45  to  50  m  in  height  above  the  bedrock  and  are  located  in  water  depths  of  70  to  185  m. 
They  often  appear  to  be  eroded  level  with  the  sea  floor  and  are  ponded  by  acoustically  transparent 
sediment  which  is  probably  clay.      The  ridges  are  not  continuous  features  throughout  the  area. 

King  (1969)  reports  an  end  moraine  complex  on  the  Scotian  Shelf  about  30  to  40  km  off  the 
coast.     He  describes  this  end  moraine  complex  as  a  belt  of  low  discontinuous  ridges  which  are 
to  a  large  degree  sub-bottom  features  masked  by  ponded  clay  and  silt  deposits.     He  states  that 
these  ridges  are  on  the  average  50  m  in  height  above  the  underlying  bedrock  and  lie  in  water 
depths  ranging  from  70  to  200  m.     He  describes  the  dominant  textural  grade  of  the  moraines  as 
sand,    but  mentions  that  rock  fragments  in  the  gravel  range  are  also  present. 

The  Scotian  Shelf  end  moraines  are  comparable  to  the  ridges   revealed  by  the  shadow  zones 
in  the  Gulf  of  Maine.      The  Gulf  of  Maine  ridges  are  not  found  to  extend  above  the  sea  floor  as 
those  on  the  Scotian  Shelf  sometimes  do. 


Conclusions 


Shadow  zones  on  the  seismic  reflection  profiles  are  interpreted  as  graphic  records  of 
deposits  of  small-sized  glacial  debris  surrounded  by  a  matrix  of  acoustically  transparent 
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Fig.    1      Location    of   detailed    survey    area    and    reconnaissance    lines    in    the    Gulf  of 
Maine. 
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Fig.    2      A   treeing  of  a   seismic   reflection   profile  across   shodow   lones.   Profile   AA 
is  located  in  Figure  3. 
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Fig.  3 

Shadow  zones,  or  zones  of 
reverberated  sound  which 
are  interpreted  to  be  an  end 
moroin  complex  are  indicated 
in  black. 
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sediment.      The  glacial  material  probably  reverberates 'sound  energy  in  the  acoustically 
transparent  sediments  in  the  same  manner  that  concentrations  of  small  marine  organisms 
reverberate  sound  in  water  as  found  in  association  with  the  deep  scattering  layer. 

In  areas  where  shadow  zones  are  present,    closed  bedrock  lows   and  maximum   sediment 
thickness  occur  together.      The  closed  bedrock  lows  are  attributed  to  glacial  erosion.     Areas  of 
maximum  thickness  are  interpreted  to  be  associated  with  an  area  of  glacial  stillstand.      The 
absence  of  these  shadow  zones  to  the  south  and  their  concentration  along  a  14  km -wide  belt  in  the 
vicinity  of  the  90  m  isobath  may  indicate  a  former  glacier-shoreline  contact. 

The  Passadumkeag  topographic  sheet  (USGS)  for  southeastern  Maine  shows  sand  and 
gravel  morainal  deposits   extending  to  the  present  shoreline  just  north  of  Area  A  (Atwood,    1940). 
The  shadow  zones  are  in  all  probability  a  southern  continuation  of  these  morainal  deposits. 

The  Gulf  of  Maine  morainal  deposits  are  interpreted  to  be  gentle  sub-bottom  ridges  of 
sand  and  gravel.      These  ridges  are  believed  to  be  an  end  moraine  complex  similar  to  the  one  on 
the  Scotian  Shelf  wii  ich  they  resemble  in  many  ways. 
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the  Irish  Sea,  in  which  he  interprets  the  geophysical  surveys  that  he  has  done  so 
much  to  promote  in  this  area.  Gravity,  magnetic  and  seismic  surveys  are  all  used 
to  elucidate  the  structure  of  the  Irish  Sea  in  a  very  valuable  contribution.  J.  L. 
Worzel  covers  a  much  wider  area  in  his  "Survey  of  continental  margins".  This 
final  paper  is  presented  largely  in  diagrammatic  form.  The  continental  margins 
of  eastern  U.S.A.,  parts  of  eastern  South  America,  western  Europe  and  western 
America  are  illustrated.  These  diagrams  provide  a  very  useful  summary  of  present 
information  on  shelf  structure.  The  book  is  very  well  produced,  with  many  good 
diagrams  and  references  lists  are  included.  The  lack  of  balance  in  its  contents  is  a 
drawback  to  its  general  usefulness. 

C.  A.  M.  King  (Nottingham) 


Marine  Geotechnique.   A.    F.    Richards  (Editor).    University  of  Illinois   Press, 
Urbana-London,  1967,  327  pp.,  85  s. 

Marine  geotechnique  is  the  study  of  the  engineering  and  scientific  aspects  of 
submarine  sediments  and  rocks.  To  date  these  investigations  have  been  primarily 
concerned  with  Holocene  deposits.  This  is  a  new  and  diversified  field  finding 
considerable  interest  among  marine  geologists  and  engineers  who  are  concerned 
with  the  behavior  of  sea-floor  deposits.  The  field  of  marine  geotechnique  is 
providing  the  marine  geologist  with  a  new  approach  to  many  of  his  problems. 
The  highlights  and  diversity  of  this  field  have  been  drawn  together  admirably  in 
this  volume  edited  by  A.  F.  Richards. 

The  book  contains  eighteen  papers  which  have  been  organized  under  four 
major  headings  in  such  a  way  as  to  acquaint  the  reader  not  only  with  local  studies 
made  in  various  environments,  but  with  specific  problems  such  as  slope  stability, 
shock  loading,  sampling,  in-place  measurements,  and  laboratory  analyses.  The 
book  is  a  collection  of  papers  representing  current  research  activities  in  marine 
geotechnique  both  in  Europe  and  in  the  United  States. 

Part  1,  "Laboratory  Results  and  Areal  Investigations",  includes  three  papers 
on  the  Gulf  of  Mexico,  two  dealing  with  the  Mississippi  Delta  by  C.  R.  Kolb 
and  R.  I.  Kaufman;  and  B.  McClelland,  and  the  third  on  the  western  portion  of 
the  Gulf  by  W.  R.  Bryant,  P.  Cernock,  and  J.  Morelock.  Papers  pertaining  to 
sediments  from  the  Atlantic  and  Pacific  basins  are  presented  by  S.  Buchan. 
F.  C.  D.  Dewes,  D.  M.  McCann,  and  D.  Taylor  Smith;  A.  F.  Richards  and 
E.  L.  Hamilton;  and  E.  C.  Robertson.  The  section  is  rounded  out  with  papers 
on  the  eastern  Mediterranean  (oft'  the  Israel  coast)  by  G.  Almagor;  the  Red 
Sea,  Gulf  of  Aden  and  Nile  Delta  by  G.  Einsele;  the  Arabian  Sea  and  Baltic  Sea 
by  F.  C.  Kogler;  and  the  Gulf  of  Bothnia  by  A.  Jerbo.  These  papers  discuss  and 
interpret  the  relationships  of  \arious  mass  properties  of  submarine  sediments 
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(shear  strength,  water  content,  bulk  density,  Atterberg  limits,  porosity,  acoustical 
and  consolidation  characteristics,  and  sediment  types),  as  well  as  the  geochemical 
properties  and  sedimentary  processes  for  a  specific  locale.  The  authors  generally 
have  included  a  discussion  of  the  basic  techniques  and  theory  behind  their  obser- 
vations, which  is  most  helpful  to  the  layman. 

Part  2,  "Submarine  Slides,  Slumps,  and  Slope  Stability",  deals  with  the 
mechanics  and  problems  associated  with  movement  of  material  down  slope,  both 
in  mass  and  as  a  turbid  flow.  N.  R.  Morgenstern  brings  the  reader  up-to-date  on 
the  latest  developments  in  the  study  of  submarine  slope  failures  and  includes  a 
discussion  on  the  generation  of  turbidity  currents.  A.  Andresen  and  L.  Bjerrum 
(citing  case  histories)  discuss  the  modes  of  slope  failure  in  loose  sand  and  silts. 

Four  papers  comprise  part  3,  "Sampling  and  In-Place  Measurements".  The 
problem  of  collecting  suitable  samples,  along  with  suggestions  for  improving 
samplers,  is  discussed  by  A.  M.  Rosfelder  and  N.  F.  Marshall.  Papers  by  R.  F. 
Scott  and  by  W.  Harrison  and  A.  M.  Richardson  Jr.,  deal  with  in-place  measure- 
ments of  shear  strength  and  bearing  capacity.  The  paper  "Effect  of  explosive 
loading  on  the  strength  of  sea-floor  sands",  by  R.  F.  Dill,  concludes  this  section. 

Part  4.  "Nondestructive  Testing  and  Literature  Survey",  consists  of  a  paper 
by  K.  Preiss  on  the  subject  of  measurement  of  water  content  and  bulk  density  of 
sediments  by  nuclear  techniques.  The  final  paper,  by  A.  F.  Richards,  is  an  ex- 
cellent summary,  directed  specifically  to  the  marine  geologist  and  the  engineer,  of 
the  basic  literature  pertinent  to  the  field  of  marine  geotechnique.  This  paper  will 
be  of  particular  interest  to  those  who  are  not  familiar  with  the  available  literature. 

This  book  brings  together  a  fine  selection  of  papers  introducing  the  layman 
to  the  young  field  of  marine  geotechnique.  To  those  already  in  this  field  it  provides 
the  needed  up-dating  of  the  state  of  the  art. 

George  H.  Keller  (Miami,  Fla.) 


The  Waters  of  the  Sea.  P.  Groen.  Van  Nostrand,  London,  1967,  328  pp.,  140  illus., 
30  plates,  4  charts,  65  s. 

Dr.  Groen  explains  in  the  preface  how  he  has  endeavoured  to  present  an 
authoritative  introduction  to  physical  oceanography  for  non-specialists  and 
students  of  other  marine  disciplines.  He,  therefore,  had  to  either  assume  a  basic 
understanding  of  mathematics  in  his  reader  and  incorporate  this  into  the  discus- 
sions or  exclude  all  but  the  most  elementary  mathematics.  The  latter  path  was 
taken  and  as  a  consequence  some  of  the  more  mechanical  topics  have  had  to  be 
described  at  great  length. 

The  Waters  of  the  Sea  begins  with  a  moderately  long  introduction  which 
consists  of  a  historical  note  portraying  the  influence  that  the  sea  has  had  on  different 
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Abstract:  A  brief  review  of  the  literature  indicates  that, 
allhouf;/!  radioisotope  methodology  in  oceanography  is  not  yet 
extensive,  significant  developments  have  been  made.  Radio- 
isotope methods  have  been  used  for  making  observations 
directly  in  llw  environment  and  for  tagging  and  dating  both 
water  masses  and  sediments.  Only  prototype  nuclear  instru- 
ments have  been,  in  general,  used  thus  far,  but  results  obtained 
with  them  indicate  the  feasibility  of  using  such  instruments  for 
measuring  current  velocity,  oxygen  content,  deposit ed- 
scdiment  density,  suspended-sediment  concentration,  and  the 
elemental  compositions  oj  bottom  sediments. 

Altlioiigli  oceans  cover  approximately  70%  of  the 
eartli's  surface,  we  understand  very  little  about  the 
processes  taking  place  in  tiiis  dynamic  environment. 
Relatively  little  is  kiu)wn  about  the  physical  and 
chemical  characteristics  of  the  oceans  or  the  processes 
responsible  for  shaping  the  ocean  basins.  Numerous 
investigations  have  been  conducted  in  this  environ- 
ment, but  its  vastness  plus  the  great  expense  per  unit  of 
data  have  left  us  far  from  adequately  describing  it. 
Technical  advances  in  recent  years,  particularly  com- 
puters and  electronic  sensors,  have  enabled  the  ocean- 
ographer  to  collect  and  process  large  amounts  of 
information.  Of  particular  significance  are  break- 
throughs in  the  area  of  in-place  measurements,  which 
have  provided  the  investigator  with  data  of  far  greater 
accuracy  and  significance  than  have  been  obtained  in 
the  past. 

Radioisotopes  have  recently  become  important  in 
oceanographic  and  coastal  engineering  research.  Both 
natural  and  artificial  radioisotopes  are  used  not  only  to 
trace  and  date  water  masses  and  to  study  their 
chemical  characteristics  but  also  to  provide  an  entirely 
new  field  of  instrumentation  ideally  suited  to  the 
in-place  measurements  of  various  properties  of  the 
ocean  and  the  underlying  sea  fioor.  Some  of  these 
applications  are  summarized  below. 


Radioisotope  Tracers 

Radioisotope  tracers  used  in  oceanographic  mea- 
surements may  be  those  of  natural  origin  radio- 
isotopes and  their  daughters  present  since  the  earth's 
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formation  or  those  produced  by  the  interaction  of 
cosmic  rays  with  elements  in  the  earth's  atmo- 
sphere— or  those  produced  artificially  as  by-products 
of  nuclear  explosions  or  atomic  waste. 

Naturally  Occurring  Radioisotopes 

Radioisotopes,  with  their  unique  parent  daugliter 
relationships,  have  provided  the  scientist  with  an 
excellent  tracer  as  well  as  an  age-dating  method.  For 
example,  studies  of  the  disequilibrium  of  ^■'''Th  in  the 
ocean  have  shown  that  in  some  areas -of  the  sea  the 
isotope  has  been  removed  from  the  surface  waters  and 
concentrated  at  the  thermocline,  i.e.,  the  zone  where 
the  temperature  gradient  is  greatest.  Similar  studies 
using  ■'^Si  have  enabled  the  oceanographcr  to  date  and 
trace  the  movement  of  specific  water  masses.  Results 
of  studies  of  the  depth  distribution  of  ^■''*Th  show 
promise  of  providing  an  insiglit  into  the  mechanism  by 
which  trace  elements  are  removed  from  certain  por- 
tions of  the  water  column;  this,  in  turn,  could  lead  to  a 
better  understanding  of  the  settling  rate  of  variously 
sized  particles  through  the  water.' 

The  short  residence  time  of  thorium  in  seawater 
(35  ±  35  years)  and  the  assumption  that  the  isotopes 
^^^Th  and  ^^°Th  are  precipitated  in  the  same  ratio 
permit  determination  of  the  accumulation  rates  of  such 
elements  as  Mn,  Ni,  Co,  and  Cu  in  deep-sea  deposits." 
By  measuring  the  activity  of  *^A1,  which  is  present  in 
submarine  sediments,  the  geological  oceanographer  has 
developed  a  suitable  technique  for  calculating  the  rate 
at  which  the  sea  fioor  is  receiving  sediment  particles.^ 
Such  observations  are  vital  to  an  understanding  of  the 
depositional  history  of  sea-fioor  deposits. 

The  disequilibrium  technique  of  age  dating  has 
developed  rapidly  in  recent  years,  and  several  isotopes 
(•''Si,  '-'ni,  '"Pa, and  ' ''C')  are  now  used  to  provide 
absolute  age  determinations  of  rocks  and  shells  tound 
in  the  ocean  basins."*'*  These  data  have  made  it 
possible  for  scientists  to  define,  with  increasing  ac- 
curacy, the  time  and  mode  of  formation  of  the  ocean 
basin  as  well  as  to  determine  the  various  stands  of  the 
sea  through  geologic  time." 

Artificially  Produced  Radioisotopes 

Radioisotopes  added  to  the  oceanic  environment  as 
a  result  ot  fallout  from  nuclear  weapons,  nuclear  power 
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plants,  and  disposal  of  atomic  wastes  in  ocean  basins 
have  provided  a  new  approach  to  the  tracing  of 
water-mass  and  sediment  movements.  A  good  example 
is  the  monitoring  of  the  cooling  waters  from  the 
Hanford  reactors  in  Richland,  Wash.  Following  *'Zn 
and  '  'Cr  down  tiie  Columbia  River,  scientists  are  able 
to  observe  the  dispersion  of  the  river  water  and  its 
sediment  once  it  enters  the  Pacific  Ocean.*  It  has  been 
possible  over  the  years  to  determine  the  distribution 
and  movement  of  sediments  off  the  Washington  coast 
by  measurement  of  the  *  ^  Zn  activities  associated  with 
these  deposits.^ 

Studies  of  beach  erosion  and  migration  of  coastal 
sands  have  benefited  significantly  by  the  use  of 
radionuclides.  Sand  particles  have  been  tagged  with 
"'Xe  and  '"^Ba -' ^''La,  for  example,  and  their 
movements  traced  by  scintillation  detectors  used  either 
directly  in  the  field  or  on  samples  taken  to  the 
laboratory.' °  Although  more  caution  is  required  in 
handling  radioactive  tags,  they  prove  more  effective 
than  stains  because  lower  concentrations  can  be  moni- 
tored and  buried  grains  can  be  detected.  However, 
caution  and  public  opinion  have  restricted  the  use  of 
this  technique  in  many  areas. 


tion  with  a  series  of  detectors  mounted  on  the  wheel 
rim  and  an  isotopic  source  located  at  the  hub  (Fig.  I). 
The  radioisotope  ('  ^ '  I)  is  injected  into  the  water,  and 
the  rate  and  direction  of  fiow  are  determined  by  the 
time  of  arrival  of  the  radioactivity  at  a  particular 
detector.' '  Three  slightly  different  models  have  been 
built  and  taken  through  various  phases  of  testing.  The 
instrument  is  known  as  the  Deep-Water  Isotopic 
Current  Analyzer  (DWICA). 
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Nuclear  Instrumentation 

A  goal  of  scientists  is  to  monitor  or  measure  the 
parameters  of  interest  under  natural  environmental 
conditions.  For  the  oceanographer  this  has  become  a 
reality  in  a  few  areas,  as  some  of  his  sampling 
techniques  have  advanced  from  those  of  rather  simple, 
crude  devices  to  the  more  sophisticated  electronic 
in-place  measuring  packages.  The  adaptation  of  nuclear 
techniques  to  problems  in  the  marine  environment  is  a 
recent  development,  which  is  still  in  its  early  stages  but 
appears  promising. 

Current  Measurements 

Instruments  based  on  the  detection  of  radiation 
emitted  by  a  radionuclide  and  determination  of  the 
amount  present  have  been  developed  using  both  sealed 
and  unsealed  (tracers)  sources  for  the  in-place  measure- 
ment of  various  parameters  in  both  the  water  column 
and  the  sea  fioor.  One  approach,  the  injection  of  a 
tracer  amount  of  radioisotope  and  determination  of 
the  rate  and  direction  of  its  movement,  is  the  basis  of 
an  instrument  that  has  been  used  to  measure  current 
flow  rates  in  the  range  0.17  to  1.67  ft/sec  (0.1  to  1.0 
knot),  with  a  theoretical  lower  limit  of  0.002  ft/sec. 
This  instrument  consists  of  a  wagon-wheel  configura- 


Fig.  1     Schematic  diagram  of  DWICA  operation. 


Oxygen  Determination 

The  oxygen  content  of  seawater  is  of  prime  interest 
to  the  marine  biologist.  Its  presence  and  amount 
noticeably  control  types  and  quantity  of  life  sustained 
by  the  sea  and  thus  are  of  major  importance  for 
assessing  marine  productivity.  With  a  nuclear  instru- 
ment the  oxygen  content  in  seawater  can  be  measured 
in  place.  The  instrument  operates  on  a  radioisotope- 
release  principle'  ^  wherein  the  oxygen  dissolved  in  the 
water  reacts  with  radioactive  thallium  metal  to  release 
stoichiometric  quantities  of  radioactive  thallous  ions.  A 
Geiger  tube  capable  of  detecting  ^o^ji  beta  rays  serves 
as  the  brain  center  of  the  sensor.  To  ensure  a  uniform 
fiow  of  water  througli  the  sensor,  a  pump  is  included  in 
the  instrument  package. 

Geological  Measurements 

The  geological  oceanographer  has  also  been  a 
beneficiary  of  recent  advances  in  nuclear  instrumenta- 
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tion,  primarily  in  areas  dealing  with  the  mass  physical 
and  chemical  characteristics  of  submarine  sediments 
but  also  in  investigations  on  suspended  sediment  in  the 
water  column. 

Bottom-Sediment  Density.  Nuclear  technology 
now  makes  it  possible  to  conduct  in-place  measure- 
ments of  sediment  bulk  density  on  the  sea  floor,  with 
improvement  in  both  the  rale  and  accuracy  of  measure- 
ment. Since  sediment  cores  do  not  have  to  be 
collected,  many  hours  of  laboratory  testing  are  obvi- 
ated. 

The  two  types  of  instrimienis  being  used  for  these 
studies  incorporate  slightly  different  principles.  In 
one,'  ■*  a  back-scatlcr  system,  a  gamma-ray  emitter 
('■"Cs)  and  a  detector  (CI  M  tubes)  arc  housed  in  a 
single-barrel  probe,  which  penetrates  the  sea  floor  in 
much  the  same  way  as  a  free-falling  dart  would  enter 
the  tloor  (Fig.  2).  An  internal  drivmg  mechanism 
nuives  the  source  detector  unit  up  and  down  inside 
the  barrel,  which  is  embedded  in  the  sea  floor.  The 
density  profile  is  obtained  to  a  depth  of  12  ft. 

The  other  approach  used  to  measure  in-place 
density  is  based  on  attenuation  of  direct  gamma-ray 
transmission.'''  Using  a  dual-barrel  probe  with  a  '  ^^Cs 
source  in  one  barrel  and  a  scintillation  counter  in  the 
other,  the  density  of  the  sediment  between  the  barrels 
is  readily  determined  by  recording  the  gamma-ray 
attenuation.  This  particular  probe  is  mounted  on  a 
tower,  which  is  lowered  slowly  to  the  sea  floor  (Fig.  3). 
Once  the  tower  is  on  the  bottom,  the  probe  is  jacked 
into  the  sediment  and  the  sensor  output  transmitted 
through  a  cable  to  the  siup  on  the  surface.  This 
instrument  is  capable  of  providing  a  much  more 
detailed  density  profile  than  the  back-scatter  device 
since  measurements  can  be  made  in  0.5-in.  increments 
to  a  depth  of  10  ft.  The  back-scatter  probe  averages 
density  iwer  a  1  2-in.  interval. 

Using  the  same  basic  principle  of  measuring  the 
attenuation  of  transmitted  gamma  rays  as  a  measure  of 
density,  geological  oceanographers  can  now  measure 
sediment-density  variation  in  cored  samples  that  are 
still  in  the  core  barrel.'''  A  ''^^Cs  source  and  a 
scintillation  detector  ,ne  mounted  on  a  small  cart  in 
such  a  way  that,  as  (he  cart  is  drawn  along  the  length 
of  the  core  barrel,  the  barrel  with  its  sediment  passes 
between  the  source  and  the  detector.  This  instrument 
is  capable  of  operating  aboard  ship  as  well  as  in  the 
laboratory. 

Suspended-Sediment  Concentration.  The  sediment 
load  carried  by  rivers  and  near-shore  waters  is  of  major 
importance    to    both    marine    geologists    and    coastal 
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engineers,  particularly  m  light  of  the  cutting  and  tilling 
that  take  place  m  such  environments.  The  measure- 
ment o[  this  load  IS  difficult  because  instruments 
placed  in  the  water  interfere  with  the  natural  flow  and 
thus  distort  the  significance  of  the  sediment-load 
measurement.  .A  nuclear  su.spended-sediment  concen- 
tration gage  has  now  been  developed  which  can  detect 
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Sediment  Analysis.  With  the  increasing  interest  in 
sea-floor  deposits,  primarily  for  their  economic  values, 
the  analyst  requires  a  rapid  technique  for  rough 
determination  of  the  elemental  compositions  of  these 
deposits.  For  the  most  part,  the  scientist  is  limited  to 
collecting  samples  by  remote  techniques  from  a  surface 
or  submersible  vessel  and  returning  the  samples  to  the 
laboratory  for  analysis.  Efforts  by  the  U.  S.  Atomic 
Energy  Commission  have  shown  that  it  may  be  feasible 
to  adapt  existing  neutron  activation  systems  to  make 
in-place  quantitative  analyses  on  the  sea  floor.'' 
Although  several  problems  have  yet  to  be  solved,  this 
approach  holds  much  hope  for  a  rapid  assay  technique 
in  marine  mining. 


Nuclear  Power  Systems 

Such  unique  characteristics  of  nuclear  power  sys- 
tems as  long  life  without  refueling,  no  moving  parts, 
and  easy  packaging  for  use  in  the  oceans  make  them  a 
very  desirable  power  supply  for  certain  oceanographic 
instruments.  The  oceanographer  is  tending  more  and 
more  toward  long-term  observations,  primarily  by 
using  large  buoys,  but  a  drawback  to  this  arrangement 
is  the  power  supply.  The  relatively  short-lived  batteries 
that  are  used  today  require  either  short  observation 
periods  or  frequent  battery  replacement. 

A  few  isotopic  power  systems  have  been  put  into 
operation,  mainly  to  power  remote  weather  stations  or 
acoustic  beacons  on  the  sea  floor.' ^'"  There  are, 
however,  several  isotopic  power  supplies  under  devel- 
opment for  use  with  such  instrument  packages  as 
navigational  buoys,  floating  weather  stations,  and 
acoustic  bench  marks  to  be  placed  on  the  sea  floor. 
The  heat-producing  characteristics  of  nuclear  decay  are 
also  finding  uses.  Recently  a  miniature  radioisotope- 
powered  heat  exchanger  was  built  to  heat  and  circulate 
warm  water  through  a  new  type  of  suit  used  by  scuba 
divers.' °''' 


Fig.  3    Bottom-sediment  density  dual-banel  probe. 


concentrations  as  low  as  500  ppm.  The  instrument 
consists  of  a  ^'"  Am  source  and  detector  arranged  so 
that  the  water  passes  between  them,  utilizing  the 
attenuation  of  gamma  rays  as  a  measure  of  sediment 
concentration."'  With  slight  modification  it  is  ex- 
pected that  this  instrument  can  be  set  in  place  and  left 
jnattended  for  several  days  at  a  time. 


Future  Outlook  and  Uses 

Undoubtedly,  numerous  appHcations  of  nuclear 
technology  are  yet  to  be  conceived  which  could  benefit 
the  scientist  in  his  studies  of  the  sea.  The  problem  to 
date  has  been  primarily  one  of  getting  the  nuclear 
scientist  or  engineer  together  with  the  oceanographer 
so  that  an  exchange  of  ideas  can  take  place.  The 
instruments  and  techniques  discussed  above  are  exam- 
ples of  what  can  be  done  with  proper  communication 
between    the    concerned    disciplines.  With   regard   to 
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future  developments  in  nuclear  technology  as  related 
to  oceanography,  there  appears  to  be  a  high  probability 
lor  significant  progress  in  several  areas. 

Recent  studies  indicate  the  feasibility  of  designing 
a  probe  tlial  would  utilize  a  fast-neutron  source  and 
suitable  detector  and  be  capable  of  penetrating  the  sea 
tloor  to  measure  the  water  content  and  porosity  of 
submarine  deposits,^  ^  Water  content  and  porosity 
along  witli  density  are  key  parameters  when  consider- 
ing tiie  engineering  properties  (load-bearing  capacity, 
slope  stability,  settlement)  as  well  as  the  acoustical 
characteristics  of  liie  sea  floor.  Such  a  probe  used  in 
conjunction  with  the  existing  instrumentation  would 
be  of  great  importance  as  more  structures  are  placed  on 
the  sea  lloor  and  as  the  capabilities  for  mining  the  sea 
bottom  are  more  fully  developed. 

Another  potential  instrument  is  one  that  would  be 
towed  along  the  sea  floor  on  a  sledlike  frame  while 
measuring  the  bulk  density  of  the  underlying  sediment. 
By  using  a  large  gamma-emitting  source  and  the 
back-scatter  technique  already  in  use  for  density 
measurements,  it  may  be  possible  to  develop  a  tech- 
nique for  iTieasuring  variations  in  sediment  density  over 
large  areas  in  a  relatively  short  time. 

In  order  to  make  sea-floor  mining  profitable,  the 
exploration  and  exploitation  costs  must  be  decreased 
considerably,  and  one  way  to  do  this  is  to  obtain  rapid 
analysis  and  assay  of  bottom  deposits.  Activation 
analysis  may  provide  tiie  means  of  achieving  this.  It 
may  become  feasible  to  include  a  neutron  activation- 
analysis  system  as  part  of  the  sledlike  frame  men- 
tioned. 

Another  possible  use  for  radioisotopes  would  be 
the  tagging  of  the  sludge  solids  that  are  being  dumped 
into  the  ocean  off  most  major  coastal  cities.  Such 
tagging  would  provide  a  means  of  determining  whether 
or  not  some  of  this  material  is  returned  to  the  local 
beaches  and  iiarbors. 

As  a  by-product  of  nuclear  technology,  it  may 
become  feasible  in  some  areas  to  use  the  warm  water 
leaving  a  nuclear  power  plant  to  aid  the  fishing 
industry.  If  the  plant  should  be  sufficiently  close  to 
deep  water,  the  warm  water  could  possibly  be  piped 
out  along  tiie  sea  floor,  debouching  some  distance 
offshore.  The  rising  warm  water  would  then  lift  the 
nutrient-rich  bottom  water  to  the  surface.  This  water 
would  provide  the  food  supply  needed  to  support  a 
greater  number  of  fish. 

To  promote  and  increase  the  number  of  users  oi 
nuclear  techniques  in  oceanography,  oceanographers 
and  nuclear  scientists  and  engineers  must  develop  a 
greater    understanding    of    each    other's    capabilities. 


From  such  efforts,  radioisotopes  and  associated  tech- 
niques undoubtedly  will  make  significant  contributions 
to  the  future  of  oceanography.  (MG> 
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ABSTRACT 


In  1965,  the  USC&GS  ship  Surveyor  conducted  hydrographic  and  ocean-bottom-scanning 
sonar  surveys  southwest  of  Montague  Island,  Alaska,  to  identify  vertical  crustal  mo\ement 
of  the  sea  floor  associated  with  the  March  27,  1964,  Prince  William  Sound  Earthquake.  The 
1965  survey  was  controlled  by  precision  navigation  and  covered  portions  of  the  Surveyors 
1964  geophysical  reconnaissance  investigations  during  which  sea-floor  uplift  in  excess  of  15 
meters  was  discovered.  A  21-kHz,  conical-beam  echo  sounder  was  used  for  the  depth  sound- 
ings and  a  side-scanning  sonar— with  two  laterally  directed  sonar  beams  of  150  and  160  kHz— 
to  detect  sea-floor  features  to  a  range  of  366  meters  to  the  right  and  left  of  the  ship's  track- 
line.  Fresh  fault  scarps  were  traced  seaward  a  distance  of  19  kilometers.  Data  from  the  1965 
survey  were  used  to  prepare  a  bathymetric  map  of  the  upliftetl  area  and,  by  comparison  witli 
preearthquake  surveys,  to  construct  profiles  and  a  map  showing  the  amount  of  sea-floor 
uplift.  Lineaments  detected  by  side-scanning  sonar  included  scarps,  strata  ridges,  and  joint 
patterns.  Areas  of  rock  bottom  yielded  stronger  reflections  and  more  meaningful  data  than 
did  areas  of  sediment. 

INTRODUCTION  Geodetic  Survey  began  n\obilizing  cquipniciu  and  per- 

sonnel to  as-sist  in  the  emcrgencv  and  to  conduct  scientific 
On  March  28,  1964  (local  time),  the  day  after  the      and  technical  investigations  of  the  earthquake  and  its 
Prince  William  Sound  Earthquake,  the  U.  S.  Coast  and      elTect.s.    Hydrographic    annd    oceanographic    operations 
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included  the  inspection  and  repair  of  tide-sjage  stations, 
reconstruction  of  portions  of  the  geodetic  control  net- 
work, and  geophysical  investigations  of  the  continental 
shelf  and  slope  in  the  vicinity  of  the  earthquake's  epi- 
center. Marine  reconnaissance  studies  included  depth 
soundings,  gravity  and  magnetic  measurements,  seismic- 
reflection  profiling,  core  sampling  of  sea-floor  sediments, 
and  bottom  photography.  To  assist  in  these  postearth- 
quake  operations  and  investigations,  four  Coast  and 
Geodetic  Survey  ships— the  Hodgson,  Lester  Jones,  Path- 
finder, and  Surveyor— were  diverted  to  Alaska. 

Soon  after  work  began  in  the  offshore  epicentral 
region  it  became  apparent  that  a  major  task  would  be 
the  reconstrucdon  of  portions  of  the  U.  S.  Coast  and 
Geodetic  Survey's  geodetic  network  to  provide  accurate 
vertical  and  horizontal  control.  Vertical  measurements 
could  not  be  made  on  shore  until  the  datum  of  reference 
(mean  lower  low  water)  was  re-established.  Offshore, 
vertical  measurements  of  changes  in  depth  could  be 
made  immediately  because  the  datum  of  sea  level  had 
not  changed— that  is,  the  eustatic  sea  level  remained 
fixed.  Postearthquake  geodetic  operations  are  described 
in  Volume  I  of  The  Prince  William  Sound,  Alaska, 
Earthquake  of  1964  and  Aftershocks,  Coast  and 
Geodetic  Survey  Publication  10-3,  1966. 

The  USC&GS  ship  Hodgson,  after  completing  her 
primary  mission  of  installing  portable  tide  gages,  reoccu- 
pying  portions  of  triangulation  schemes,  and  conducting 
reconnaissance  surveys  in  Prince  William  Sound,  was 
directed  to  the  area  just  off  the  southwest  tip  of  Mon- 
tague Island  to  investigate  suspected  extension  of  the 
faulting  and  crustal  uplift  observed  on  the  island  by 
geologists  of  the  U.  S.  Geological  Survey  [described  by 
A.  Grantz  and  others,  1964].  On  June  5,  1964,  the 
Hodgson  ran  traverses  across  the  projected  strike  of 
suspected  faults  and  obtained  three  bottom  profiles. 
Later,  seven  additional  bottom  profiles  and  seven  sub- 
bottom  profiles  were  obtained  by  the  USC&GS  ship 
Surveyor  during  geophysical  survey  work  southwest  of 
Montague  Island  completed  July  3,  1964. 

Depth  soundings  by  the  Hodgson  and  Surveyor  were 
compared  with  those  of  preearthquake  surveys  made  in 
1927—1928.  This  comparison  showed  that  a  large  area 
of  the  sea  floor  was  uplifted  in  exce.ss  of  9  meters  and 
that  several  areas  of  maximum  uplift  exceeded  1 5  meters 
[Malloy,  1964,  1965].  Becau.se  significant  changes  of  the 
sea  floor  were  detected,  and  because  the  Loran  A  and 
radar  navigational  control  of  the  1964  surveys  provided 
less  precise  horizontal  control  than  that  of  the   1927- 


1928  surveys,  plans  were  initiated  for  a  more  detailed 
investigation  of  the  area  southwest  of  Montague  Lsland. 
In  July  1965,  the  USC&GS  ship  Surveyor  undertook 
a  1-week  .study  of  the  sea  floor  off  Montague  Island  (fig. 
1  ) .  Raydist  stations  were  erected  to  provide  preci.se  hori- 
zontal control  for  .the  work.  As  in  1964,  depth  soundings 


Figure  l.—Area  of  1965  marine  geophysical  survey  by 
USC&GS  ship  Surveyor  southwest  of  Montague  Island, 
Alaska. 


were  made  with  a  Raytheon  DE  723  shallow -water 
Fathometer.  A  side-scanning  sonar  ( Westinghouse 
Ocean  Bottom  Scanning  Sonar,  or  WOBSS)  was  used 
to  provide  additional  detail  in  the  area  shown  in  figure 
2.  Southeast  of  Montague  Island  visual  control— using 
sextants  to  measure  horizontal  angles  between  prominent 
points— was  used  to  reoccupy  positions  of  the  1928  survey 
(lines  1  —  12  of  figure  3).  The  side-scanning  sonar  was 
not  used  along  these  sextant-controlled  lines.  Corrections 
were  made  for  sound  propagation  velocity  in  the  area  of 
the  investigation  and  for  the  phases  of  the  tide  during 
the  field  work.  The  ship's  speed  was  reduced  to  3  knots 
when  towing  the  large  sonar  tran.sducers  of  the  VVOBSS 
system. 

This  report  is  concerned  primarily  with  the  vertical 
uplift  of  the  sea  floor  caused  by  the  earthquake,  as  deter- 
mined by  depth  soundings  and  .side-scanning  sonar.  Sup- 
porting evidence,  obtained  by  seismic-reflection  profiling 
and  bottom  photography,  was  previously  reported  [Mal- 
loy, 1964,  1965]. 


Vertical  Crustal  Movement  of  Sea  Floor 


329 


148°00 


Figure  2.— Trackline  map  of  side-scanning  sonar  survey,  showing  sonar-detected  features  of  the  sea  floor. 


GEOLOGICAL  SETTING 

The  rocks  comprising  Montague  Island  have  been 
mapped  in  some  detail  on  the  northwestern  side  of  the 
island,  but  the  southeastern  side  of  the  island  has  not 
received  this  attention  because  of  the  inaccessibility  of  its 
coastline.  The  northwest  side  of  the  island  is  composed 
of  beds  of  graywackc,  banded  argillites,  and  some  arkosic 
sandstone  which  probably  belong  to  the  Orca  Group  of 
the  Upper  Cretaceous  [MofTit  1954].  Since  the  Prince 
William  Sound  Earthquake  in  1964,  a  number  of  geo- 
logical investigations  have  been  made  along  the  exposed 
southeastern  side  of  Montague  Island,  Init  reports  to 
date  suggest  that  the  southeastern  side  differs  little  from 
the  better  mapped  northwestern  side  of  the  Island. 


In  general,  Montague  Island  is  composed  of  Creta- 
ceous metasedimentary  rocks.  For  the  most  part,  these 
rocks  are  dark  gray  to  black,  and  highly  folded.  \'ertical 
dips  are  common.  From  what  can  be  learned  from  the 
offshore  seismic  reflections,  the  rocks  are  acoustically 
opaque.  Offshore  bottom  photography  shows  a  well- 
defined  joint  pattern  developed  in  the  outcropping  bed- 
rock, with  two  sets  of  lineaments  striking  NE.-SW.  and 
NW.-SE.  (fig.  4). 

The  pattern  of  crustal  uplift  on  the  sea  floor,  as  con- 
toured from  the  reconnai.ssancc  data  [Miul.,  1964, 
1965],  is  similar  to  that  mapped  on  land,  that  is.  a 
northwesterly  tilted  block  lies  nort Invest  of  the  north- 
ciisterly  striking  refaultcd  scarp  known  on  land  ;t>  the 
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Figure  3.— Map  showing  1965  hydrographic  survey  tracklines  superimposed  on  1927-1928  soundings.  Hydrography  of 
1927-1928  and  lines  1-12  of  the  1965  hydrography  were  sextant  controlled.  All  other  lines  (1965)  were  Raydist 
controlled. 


Patton  Bay  Fault  [Plafker,  1965].  The  two  major  faults 
associated  with  the  earthquake  were  identified  at  the 
southwestern  end  of  Montague  Island  by  a  combination 
of  aerial  reconnaissance  and  ohserved  vertical  displace- 
ments of  the  barnacle  line.  Both  faults  strike  more  or  less 
parallel  to  the  long  axis  of  Montague  Island.  The  one  on 
the  southeast  has  been  referred  to  as  the  Patton  Bay 
Fault  by  Plafker  [1965].  The  fault  on  the  northwestern 
side  of  the  island  has  been  informally  designated  as  the 
Hanning  Bay  Fault.  The  Patton  Bay  Fault,  according  to 
Plafker,  has  been  traced  northeastward  from  the  shore  a 
distance  of  16  kilometers  and  has  a  vertical  displace- 
ment of  5.2  meters  (northwestern  side  up)  where  it 
intersects  the  coastline.  Presumably,  all  of  the  displace- 
ment is  attributed  to  dip-slip  movement.  The  Hanning 
Bay  Fault  has  been  traced  by  U.  S.  Geological  Survey 
geologists  a  distance  of  about  5  kilometers,  and  like  the 


Patton  Bay  Fault  has  its  northwestern  side  upthrown 
relative  to  the  southeastern  side.  The  maximum  displace- 
ment along  the  fault  of  5  meters  occurs  on  the  beach  at 
Hanning  Bay  [Plafker,  1965].  Neither  fault  exhibits 
much  in  the  way  of  strike-slip  movement,  but  Plafker 
did  report  15  centimeters  of  left-lateral  movement  along 
the  Hanning  Bay  Fault.  The  attitude  of  the  fault  which 
cuts  through  Patton  Bay  seems  to  be  vertical,  and  the 
attitude  of  the  Hanning  Bay  Fault  plane  is  70°,  dipping 
toward  the  upthrown  side,  suggesting  compression  as  the 
causative  force. 

Both  faults  on  the  .southwestern  tip  of  Montague 
appear  to  be  rejuvenated  faults  [Plafker,  1965],  that  is, 
both  faults  occur  along  scarps  that  can  be  traced  on  pre- 
earthquake  aerial  photographs.  The  reconnaissance  data 
of  Malloy  [1964,  1965]  show  that  the  Patton  Bay 
Fault  strikes  into  a  preearthquake  scarp  at  sea.  This  is 
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Figure  4.— Postearthquake  photographs  of  sea  floor  south- 
west of  Montague  Island.  Top  photograph  shows  joint 
pattern  (?)  in  encrusted  bedrock.  Bottom  photograph 
shows  angular  nonencrusted  featiues  of  fresh  fault  sur- 
face (?). 

shown  by  the  Coast  Survey's  depth  sounding  data  of 
1927  and  1928.  The  Manning  Bay  Fault  apparently 
follows  no  preearthquake  scarp  to  sea  and  may  not  cut 
the  sea  floor  to  any  extent  southwest  of  Montague 
Island. 


(bottom-sounding)  survey  was  conducted  ofT  the  south- 
west tip  of  Montague  Island  by  an  earlier  ship  also 
named  Surveyor,  using  a  then-new  method  of  sounding, 
the  sonic  Fathometer.  The  designation  of  the  instrument 
was  the  Submarine  Signal  Corporation  Model  .312  .Sonic 
Fathometer.  Several  vertical  casts,  with  lead-line  and 
parafUn  inserts  to  obtain  sediment  samples,  were  made  to 
check  the  relatively  new  sonic  device.  Navigational  con- 
trol was  obtained  by  using  sextants  to  measure  horizontal 
angles  between  prominent  features  on  land.  This  hori- 
zontal control  was  exceptionally  good  because  of  the 
proximity  of  the  shore  with  its  many  clearly  visible  and 
prominent  peaks,  crags,  and  promontories  on  which  to 
sight.  Figure  3  shows  the  1927-1928  soundings  and 
1965  tracklines  off  the  southwestern  end  of  Montague 
Island. 

Other  early  hydrographic  work  over  the  continental 
shelf  and  slope  in  the  north-central  Gulf  of  x\laska— 
where  the  concentration  of  aftershocks  of  strain  release 
occurred— was  controlled  by  visual  bearings,  celestial 
navigation,  and  dead  reckoning  and  accomplished  with 
the  early  model  nonrecording  echo  sounders,  hence  pre- 
earthquake fathograms  over  critical  portions  of  the  epi- 
central  and  aftershock  areas  are  not  available  for  com- 
parison with  postearthquake  hydrography  made  with 
recording  echo  sounders.  Although  many  deep-sea  track- 
lines  were  later  made  across  the  Gulf  of  Alaska,  as  Coast 
and  Geodetic  Survey  ships  steamed  between  work  areas 
in  Alaska  and  their  home  port  of  Seattle,  the  tracklines 
were  discontinued  when  waters  of  the  continent;il  shelf 
were  reached.  The  few  tracklines  for  which  fathograms 
of  the  shelf  are  available  are  considerably  west  of  Mon- 
tague Island  and  remote  from  the  center  of  maxitiuim 
uplift  and  sea-?;oor  faulting. 

Trackline  data  collected  by  the  ships  of  the  Coast  and 
Geodetic  Survey  have  been  worked  into  bath\Tnetric 
maps  by  Menard  and  Dietz  [1951],  and  later  by  Gibson 
[1960]  using  additional  data.  These  publications  mainlv 
treat  the  location,  delineation,  and  distribution  patterns 
of  submarine  volcanoes,  the  nlorpholog^  of  the  .\lcutian 
Trench,  and  the  continental  slope  to  the  100-fathom 
isobath. 


PREVIOUS  WORK 

Prior  to  the  hydrographic  ;uid  geophysic;il  reconniiis- 
sance  investigations  immediately  after  the  Prince  William 
Sound  Earthquake,  the  only  significant  submarine 
investigations  in  the  epicentral  area  were  the  hydro- 
graphic  surveys  of  the  U.  S.  Coast  and  Geodetic  Sur\ey 
in  the  late    1920's.   In    1927,   a  detailed   hydrographic 


EQUIPMENT  .\ND  PROCEDURES 

Depth  Soindings 

Figure  3  shmvs  three  different  sets  of  depth  sounding 
data: 

(1)  1927-1928,  individual  soundings— navigation 
control  by  sextant-nie;isured  horizontal  angles; 
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(2)  1965,  depth-sounding  traverses  numbered   1   to  tracklines  between  147°40' W.,  148°15' W.  and  59°35' 
12  and  intersecting  tie  line— navigation  control  by  sex-  N.,  59°55'  N.— navigation  control  by  Raydist. 
tant-measured  horizontal  angles;  and  The  1965  Raydist-controlled  sounding  data  were  used  to 

(3)  1965,  depth-sounding  traverses  A  to  I  and  other  prepare    a    bathymetric    map   showing   the    submarine 
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Figure  5.— Bathymetric  map  showing  submarine  topography  southwest  of  Montague  Island  based  on  1965  hydrographic 

survey  by  USC&GS  ship  Surveyor. 
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topography  off  the  southwestern  tip  of  Montague  Island 
(fig.  5).  To  show  the  extent  and  patterns  of  sea-floor 
uplift,  bottom  profiles  of  preearthquake  and  postearth- 
quake  submarine  topography  were  prepared  for  traverses 
A  to  I  (fig.  6)  and  1  to  12  (fig.  7).  The  postearthquake 
or  upper  profiles  of  the  cross  sections  shown  in  figures  6 
and  7  were  prepared  from  the  1965  fathograms.  To  pro- 
vide continuous  profiles  of  preearthquake  submarine 
topography  from  the  individual  soundings  of  the  1927— 
1928  surveys,  the  196.5  profiles  were  fitted  to  the  1927— 
1928  sounding  data.  In  the  process,  all  indications  of 
recent  faulting  and  tilting  were  removed  or  adjusted  to 
achieve  the  best  fit  with  the  1927-1928  sounding  data. 
It  was  assumed  in  using  this  procedure  that  the  only 
changes  in  sea-floor  topography  between  the  surveys  of 
1927-1928  and  surveys  of  1965  were  brought  about  by 
the  Prince  William  Sound,  Alaska,  Earthquake  of  1964. 
The  validity  of  this  assumption  has  been  reviewed  by 
Malloy  [1964,  1965]. 

Vertical  upUft  is  evident  on  all  the  cross  sections  of 
figures  6  and  7.  The  accuracy  of  the  comparison,  how- 
ever, is  believed  to  be  better  in  the  shoaler  areas  where 
the  1927-1928  sounding  .surveys  had  numerous  cross- 
lines  to  disclose  any  discrepancies  in  depths,  whereas 
some  of  the  1927—1928  offshore  survey  areas  had  no 
crosslines.  The  1965  soundings  .southwest  of  Montague 
Island  are  along  tracklines  that  form  an  evenly  spaced 
pattern  of  squares  and  are  considered  to  be  uniformly 
reliable.  However,  in  that  part  of  the  area  where  the 
Raydist-controlled  tracklines  cross  the  sextant-controlled 
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Figure  6.— Comparison  of  1965  and  1927-28  sea-floor  pro- 
files southwest  of  Montague  Island  showing  amount  of 
uplift  along  lines  A  to  1  of  figure  3. 


Figure  7.— Comparison  of  1965  and  1927-28  sea-floor  pro- 
files southwest  of  Montague  Island  showing  amount  of 
uplift  along  lines  1  to  12  of  figure  3. 


tracklines,  the  Raydist-controlled  soundings  are  consis- 
tently 3  meters  deeper,  although  both  survcN-s  were  made 
within  a  2-wcck  period  by  the  USC&GS  ship  Surttvor. 
It  is  believed  that  these  discrepancies  in  depths  result 
from  discrepancies  in  position  of  the  Ravdist-controUed 
tracklines,    which    mav    have    l^en    in    the   radio-wave 


334 


Prince  William  Sound  Earthquake  of  1964 


shadow  of  Cape  Cleare.  One  of  the  Raydist  stations  was 
located  at  59°56.5'  N.,  148°3'  W.,  north  of  Cape 
Cleare.  Signals  from  this  station  had  to  pass  over  the 
surface  features  of  the  southwest  tip  of  Montague  Island 
before  reaching  the  survey  ship.  The  sextant-controlled 
soundings  were  not  subject  to  this  type  of  position  error 
and  are  preferred  wherever  the  two  sets  of  survey  track- 
lines  overlap. 

Emphasis  in  this  paper  is  placed  on  the  pattern  of 
sea-floor  uplift  rather  than  on  the  exact  amount  of  uplift, 
the  details  of  which  require  additional  hydrographic 
work.  In  general,  the  Raydist-controlled  soundings  cor- 
roborate the  findings  of  the  postearthquake  reconnais- 
sance surveys  of  1964.  Figure  8  shows  contours  of  equal 
uplift  and  the  faults  along  which  movement  occurred 
during  the  Prince  William  Sound,  Alaska,  Earthquake. 

SroE-ScANNiNG  Sonar 

To  obtain  greater  detail  of  the  sea  floor,  a  Westing- 
house  Ocean  Bottom  Scanning  Sonar  was  towed  along 
the  Raydist-controlled  tracklines  southwest  of  Montague 
Island  (fig.  2).  The  system  consisted  of  two  laterally 
directed  scanning  beams,  and  the  instrument  was  towed 
above  the  ocean  bottom  by  an  electric-cable  towing  line, 
with  the  recording  equipment  and  power  source  aboard 
the  ship.  The  echo  sounders  were  housed  in  an  instru- 
ment case  (fish)  3.96  m.  long,  91  cm.  high,  91  cm.  wide, 
and  weighing  about  682  kg.  in  air.  High-frequency  trans- 
ceivers were  mounted  on  the  starboard  and  port  sides  of 
the  fish  to  scan  the  ocean  floor  both  to  the  right  and  to  the 
left  of  the  path  over  which  the  fish  was  towed.  To  iden- 
tify signals  returning  from  each  side-scanning  beam,  the 
starboard  transceiver  was  operated  at  150  kHz,  and  the 
port  transceiver  at  160  kHz. 

The  side  scanner  was  towed  from  the  ship  by  means 
of  a  combination  strain  and  electric-cable  tow  line 
attached  to  the  fish  through  a  metal  sleeve  fitting  and  to 
the  ship  through  an  oceanographic  winch  equipped  with 
heavy-duty  slip  rings.  Extensive  shipboard  preparation 
was  necessary  before  the  side-scanning  sonar  equipment 
could  be  towed  from  the  Surveyor,  including  installation 
of  the  winch  on  the  afterdeck  and  A-frames  on  the  star- 
board and  port  sides  adjacent  to  the  winch.  To  decrease 
the  towing  strain  on  the  slightly  underpowered  winch, 
the  fish  was  towed  at  a  speed  of  3  knots. 

The  shipboard  equipment  included  a  dual-channel 
amplifier  and  an  Alden  dual-channel  wet-paper  recorder 


which  provided  simultaneous  graphic  display  of  the  port 
and  starboard  transducer  return  signals. 

The  swath  of  ocean  floor  covered  by  the  side-scanning 
sonar  sweeps  was  732  meters  wide  (366  meters  to  each 
side  of  the  fish)  when  the  fish  was  towed  68.5  meters 
above  the  bottom.  Side  lobes  of  the  main  sound  pulse 
were  directed  vertically,  thus  allowing  the  distance  of  the 
fish  off  the  bottom  to  be  displayed  on  both  the  recorder 
and  the  monitoring  oscilloscope.  The  transducers,  which 
were  fired  simultaneously  twice  a  second,  were  arranged 
with  their  long  axes  fore  and  aft  to  produce  a  fan-shaped 
beam  of  sound  with  less  than  a  degree  of  fore  and  aft 
width.  Each  laterally  directed  beam  illuminated  the  sea 
floor  in  a  somewhat  trapezoidal  pattern  that  was  approx- 
imately 1 . 1  meters  wide  almost  directly  beneath  the  ship 
and  2  meters  wide  at  the  maximum  range  of  366  meters. 
In  this  manner,  a  new  strip  of  ocean  floor  was  illumi- 
nated each  time  the  sonar  was  pulsed  as  the  towed  fish 
moved  forward. 

Reflected  sound  signals  were  fed  from  the  unfocused 
receiving  transducers  into  the  amplifying  and  recording 
system.  Variations  in  signal  strength  related  to  transmis- 
sion geometry  were  compensated  by  the  receiver  cir- 
cuitry. Distortions  that  normally  would  be  caused  by 
using  a  slant-range  technique  were  compensated  by 
equipping  the  recorder  with  helices  that  did  not  spiral 
linearly  but  coiled  in  such  a  manner  that  the  distortions 
were  removed.  Speed  of  the  recording  paper  also  was 
adjusted  so  that  the  scale  along  the  width  of  the  paper 
equaled  the  scale  along  the  length.  The  record,  therefore, 
was  of  equal  scale  from  edge  to  edge.  However,  small 
distortions  resulting  from  changes  in  the  ship's  speed 
remained  on  the  record.  These  changes  in  speed  were 
caused  by  currents  and  wind,  neither  of  which  could  be 
monitored  constantly. 

The  graphic  record  produced  by  the  side-scanning 
sonar  consists  of  closely  spaced  lines  that  correspond  to 
each  scan  of  the  sonar  beam.  Each  line  varies  in  inten- 
sity with  the  strength  of  the  reflected  signal.  Signals 
reflected  from  sea-floor  surfaces  that  are  almost  perpen- 
dicular to  the  fan-shaped  sound  beam  have  strong  echoes 
and  appear  dark  on  the  record.  Areas  of  no  echo  remain 
white  on  the  record  and  are  presumed  to  be  in  the 
shadow  zone  behind  some  sea-floor  prominence.  Succes- 
sive scans  of  the  sea  floor  produce  an  image  of  consecu- 
tive lines  having  a  three-dimensional  quality  of  light  and 
shadow  as  shown  in  figure  9.  The  principle  of  the  side- 
scanning  sonar  technique  is  described  in  greater  detail  by 
Clay  and  others  [1964]. 
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Bottom   Photography 

Two  camera  lowerings  were  made  from  the  USC&GS 
Ship  Surveyor  during  the  1964  survey  while  searching 
for  the  seaward  extension  of  faults  observed  on  Mon- 
tague Island  after  the  Prince  William  Sound  Earth- 
quake. A  line  of  bottom  photographs  was  obtained  dur- 
ing each  lowering.  One  line  extended  from  59°46'  N., 
147°56'  W.  to  59°40'  N.,  147°59'  W.,;  the  other  from 
59°41'  N.,  147°56'  W.  to  59°40'  N.,  147°59'  W.  An 
Edgerton,  Germeshausen,  &  Grier,  Inc.  (EG&G),  deep- 
sea  stereocamera  system  was  used.  The  camera  appar- 
ently drifted  across  a  fresh  fault  scarp,  as  a  number  of 
photographs  Showed  rock  debris  and  surfaces  indicative 
of  a  fresh  break  in  the  sea  floor  (fig.  4,  bottom).  Bottom 
photographs  taken  northwest  of  the  rejuvenated  scarp 
showed  a  joint  pattern  oriented  NE.-SW.  and  NW.-SE. 
(fig.  4,  top).  Color  photography  was  used,  but  the  black- 
and-white  prints  reproduced  as  figure  4  show  sea-floor 
features  in  greater  detail  than  do  the  color  photographs. 

DISCUSSION 

The  salient  points  concerning  the  patterns  of  uplift,  as 
ascertained  by  the  depth-sounding  study,  are :  ( 1 )  Four 
NE.-SW.  trending  scarps  off  the  southwestern  tip  of 
Montague  Island  appear  to  have  been  rejuvenated  dur- 
ing the  earthquake,  (2)  the  sea  floor  northwest  of  each 
of  the  four  rejuvenated  scarps  appears  to  have  been  tilted 
toward  the  northwest,  (3)  a  moatlike  band  of  lesser 
uplift  surrounds  the  southwestern  end  of  Montague 
Island,  (4)  the  Manning  Bay  Fault  on  the  northwestern 
side  of  Montague  Island  does  not  appear  to  extend  into 
the  .study  area,  and  ( 5 )  the  area  covered  by  the  study 
appears  to  have  been  uplifted  at  least  2  meters. 

The  two  prominent  northeasterly  striking  scarps  off 
southwest  Montague  Island  (fig.  8)  both  appear  to  be 
connected  to  the  Patton  Bay  Fault  complex,  as  the  larger 
and  more  southeasterly  scarp  of  the  two  cannot  be  traced 
on  strike  southeast  of  Cape  Cleare.  Also  there  is  evidence 
of  en  echelon  offset  between  the  .southeasterly  scarp  and 
its  assumed  continuation  as  the  Patton  Bay  Fault  on 
Montague  Island. 

Most  of  the  uplift  profiles  in  figures  6  and  7  show 
northwesterly  tilting  of  the  fault  block  between  the  more 
prominent  scarps  and  of  the  adjacent  fault  block  to  the 
northwest.  This  northwesterly  tilting  follows  the  trend 
of  the  regional  tilting  and  the  obscned  local  tilting  on 
Montague  Lsland  [Plafker,   1965]. 

The  fault  shown  at  the  western  edge  of  the  uplift  con- 
tour  map    (fig.    8)    with    a    down-to-the-west    relative 
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Figure  8.— Map    showing    faults    and    isopleths    of    equal 
crustal  uplift  (in  meters). 

movement  is  anomalous  to  the  other  faults  on  the  sea 
floor  and  on  Montague  Island.  The  evidence  for  faulting 
here,  however,  is  not  as  clear  as  for  the  other  faults. 
Local  flexing,  which  could  explain  the  uplift  discrep- 
ancies on  either  side  of  this  gentle  scarp,  may  have  oc- 
curred. In  either  case,  this  zone  of  differential  disturbance 
might  explain  why  northeasterly  striking  faults  aie  not 
found  southwest  of  this  zone. 

The  moatlike  band  of  lesser  uplift  extending  around 
Cape  Cleare  can  be  explained  by  the  fault-and-tilt  pat- 
tern southeast  of  the  Cape.  The  apparent  continuation 
of  the  moat  southwest  of  Cape  Cleare,  howexer,  requires 
a  different  explanation.  It  may  he  attributed  to :  1  ^  .\n 
artifact  of  the  data,  (2)  the  isostatic  effect  of  the  island 
mass,  or  (3)  a  secondary  center  of  uplift. 

The  pattern  of  uplift  on  Montague  Island  [Plafker, 
1965]  .shows  a  center  of  maximum  uplift— uplift  which 
decreases  toward  the  shoreline.  The  presence  of  this  slope 
and  of  the  well-established  maximum  uplift  offshore 
shows  rather  conclusi\ely  that  an  area  of  le.s.ser  uplift 
lies  between  the  two  maxima. 

The  cause  of  the  uplift  moat  cannot  ca<il\  Ik- 
explained  by  isostasy.  If  the  \ertical  forces  of  uplift  as 
focused  on  Montague  Island  were  restrained  to  any 
extent  by  the  island's  mass,  the  uplift  maxima  would 
not  exist  on  or  near  the  island's  concentration  of  mass. 
Rather,  it  appcai-s  as  though  the  forces  which  formed  the 
land  mass  of  Montague  Island  are  still  active. 

The  cause  of  the  uplift  moat  is  probably  the  result  of 
the  juxtaposition  of  two  features  of  uplift  minima 
defined  by  common  contours.  The  major  portion  of  the 
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uplift  moat,  which  Hes  southeast  of  Cape  Cleare,  can  be 
explained  by  northeast  faulting  and  northwest  tilting. 
The  portion  of  the  uplift  moat  southwest  of  the  Cape  is 
probably  best  explained  by  its  location  between  centers 
of  uplift  maxima  along  the  Patton  Bay  Fault  and  its 
submarine  extension. 

Practically  all  of  the  depth-sounding  comparisons 
made  in  the  study  area  (as  oudined  in  figure  1)  show 
shoaler  depths  after  the  earthquake.  Exceptions  totaled 
less  than  1  percent  and  suggest  that  the  limit  of  accuracy 
of  the  upilft  contour  map  is  probably  as  good  as  the  con- 
tour interval  of  2  meters. 

The  complicated  contour  pattern  immediately  south- 
east of  the  northwesternmost  scarp  may  be  caused  by  a 
narrow  zone  of  depression  that  is  parallel  to  the  scarp. 
This  can  be  observed  on  the  profiles  of  uplift  ( fig.  6 ) .  It 
is  clearly  brought  out  on  the  reconnaissance  survey  pro- 
files of  uplift  described  by  Malloy  [1964,  1965].  The 
depression  probably  is  fault  controlled,  that  is,  caused 
by  a  small  down-to-the-northwest  fault  running  parallel 
to  and  southeast  of  the  larger  fault  plane. 

Rock  strata  along  the  major  fault  scarps  were  not 
displaced  sufficiently  to  show  any  offset  of  magnetic 
anomaly  lineaments  on  maps  of  magnetic  field  intensity 
prepared  by  the  authors. 

Results  of  the  side-scanning  (side-looking)  sonar 
survey  are  summarized  in  figure  2,  which  shows  the 
trackline  pattern  over  which  the  side-scanning  sonar  fish 
was  towed,  the  swath  of  sea  floor  covered  by  the  laterally 
directed  sonar  beams,  and  the  sea-floor  features  within 
the  swath  that  could  be  interpreted  from  the  sonar 
record— areas  of  rock  bottom  and  sediment,  and  trends 
of  certain  topographic  features.  Features  of  fine  detail, 
such  as  lineaments,  were  best  detected  in  areas  of  rock 
bottom— the  strength  of  the  reflected  signals  being 
greater  from  rock  bottom  than  from  sediment-covered 
sea  floor.  Thus  it  was  possible  to  record  most  of  the 
scarps  and  associated  lineaments  on  the  tabularlike  sub- 
marine extension  of  Montague  Island  where  the  sea  floor 
was  predominantly  bedrock  with  only  local  lenses  of  sedi- 
ment present. 

Figure  9,  a  portion  of  the  side-scanning  sonar  record, 
shows  the  trend  and  magnitude  of  a  scarp  over  which 
the  sonar  fish  was  towed.  The  center  line  represents  the 
path  of  the  towed  sonar  fish.  The  dark  reflections 
immediately  to  the  right  and  left  of  the  path  give  the 
depth  directly  beneath  the  ship,  as  detected  by  the 
nearly  vertical  side-lobe  of  the  sonar  beam.  The  variously 
shaded  reflections  extending  farther  to  the  right  and  left 
on  the  record  depict  sea-floor  conditions  to  the  maxi- 


WM0^:'ff^:j^M 


ir.'>5?i»(-»*^f«^gK;<V*^'!«^  ^  - 


•■•    .•■  ,  \\  i,*:.  ■..■■,v .  v^. .     ■  .   •■'■    '  .■  .    ■    ■  -*+' :  ■■-' 

Figure  9.— Photograph  of  ocean-bottom-scanning  sonar 
record  showing  fault  scarp.  The  traverse  runs  NW.-SE. 
and  the  fauh  scarp  strikes  NE. 

mum  range  of  the  side-scanning  sonar  beams.  Both  the 
vertical-  and  side-scanning  portions  of  this  section  of  the 
record  show  a  difference  in  the  lithologic  character  of 
the  sea  floor  above  and  below  the  scarp. 

The  sea-floor  materials  shown  in  figure  2  are  of  three 
types:  Bare  rock  over  almost  the  entire  sea  floor  north- 
west of  the  northwesternmost  fault  scarp— in  the  area  of 
shoaler  water  over  the  tabularlike  extension  of  Montague 
Island ;  rock  and  lenses  of  sediment  in  the  area  between 
the  two  prominent  fault  scarps;  and  unconsolidated 
sediment  southeast  of  the  southeasternmost  scarp  (fig. 
10).  Many  of  the  lineaments  shown  in  figure  2  are  pre- 
sumed to  be  joints,  scarps,  and  fines  of  outcropping 
strata.  An  interpretation  of  these  lineaments,  other  than 
those  which  appear  to  be  fault  scarps,  is  not  attempted 


Vertical  Crustal  Movement  of  Sea  Floor 


337 


Figure  10.— Diagram  of  sea  floor  southwest  of  Montague 
Island  showing  two  major  submarine  scarps.  South- 
easternmost  scarp  is  connected  to  the  island  by  en 
echelon  scarps. 


because  the  area  of  investigation  belongs,  geologically,  to 
the  complex  structural  features  of  southwestern  Mon- 
tague Island.  On  the  other  hand,  the  geology  of  the  sea 
floor  between  islands,  where  fewer  forces  have  interacted 
during  regional  uplift,  can  be  relatively  simple  compared 
to  that  on  land.  For  this  reason,  joint  patterns— which 
provide  clues  to  regional  tectonic  processes— might  be 
studied  to  better  advantage  in  the  sediment-free  ofTshore 
areas.  In  the  1965  side-scanning  sonar  survey,  however, 
the  detected  lineaments  did  not  produce  the  consistent 
patterns  one  might  expect  from  studying  the  orientation 
of  joint  patterns  on  the  bottom  photographs.  Perhaps 
outcropping  strata  deflected  the  echo  returns  and  con- 
fused the  joint-pattern  picture. 

Very  little  is  known  about  the  details  of  failure  in  the 
earth's  crust  and  the  forces  of  earthquake  dimensions 
that  cause  crustal  deformation,  faulting,  and  vertical 
crustal  changes.  Most  earthquakes  for  which  epicenter 
data  are  available  occur  around  the  edge  of  the  Pacific 
Basin  and  along  the  ocean  rises  and  associated  fracture 
zones  of  the  world  ocean.  Thus  a  large  number  of  earth- 
quakes are  submarine  earthquakes,  sometimes  called  sea- 
quakes. Earthquakes  whose  hypocenters  occur  under 
land  areas  produce  tectonic  changes  in  the  earth's  sur- 
face, but  these  changes  are  rarely  known  in  detail 
because  the  reference  datum,  by  which  land  movements 
are  determined,  exists  only  as  a  series  of  scattered  points 
or  bench  marks.  Patterns  of  crustal  deformation  can  be 
defined  only  to  the  extent  the  displacements  of  bench 
marks,  and  intervening  surface  features  relative  to  the 
bench  marks,  can  be  measured.  It  is  conceivable  that 
an  earthquake-deformed  land  surface,  which  w;xs 
mapped  by  photogrammetrically  controlled  sur\'cys  before 
the  earthquake,  could  be  remapped  by  a  similar  survey 


following  an  earthquake  after  the  disturbed  reference 
points  or  bench  marks  were  redetermined.  This  type  of 
study  would  provide  a  method  whereby  an  area  of  land 
surface  could  be  examined  in  detail  for  patterns  of  uplift. 
To  the  writers'  knowledge,  this  type  of  survey  has  not 
been  reported. 

The  problem  of  determining  patterns  of  crustal  uplift 
on  the  sea  floor  differs  from  that  on  land  in  that  there 
are  no  bench  marks.  The  reference  datum  is  not  a  series 
of  isolated  points;  it  is  the  continuous  plane  of  the  sea 
surface.  Thus,  it  is  only  in  areas  where  detailed  depth 
soundings  were  made  prior  to  crustal  deformations  that 
one  can  determine  the  patterns  of  crustal  deformation  on 
the  sea  floor.  Plafker  [19651  has  pointed  out  that  the 
Prince  William  Sound,  Alaska,  Earthquake  was  unique 
in  that  it  not  only  produced  a  vast  area  of  subsidence 
and  uplift,  but  in  that  so  many  parts  of  the  area  could 
be  measured  and  contoured  because  of  the  irregularity 
of  the  Alaska  coastline  and  the  numerous  islands,  all  of 
which  served  as  bench  marks  in  determining  the  amount 
of  deformation  of  the  sea  floor.  Modern  surveys  and 
techniques  will  make  it  possible  to  extend  investigations 
of  submarine  crustal  deformations  over  more  and  more 
of  the  circumpacific  zone  of  earthquake  activity.  Such 
studies  will  contribute  to  a  better  understanding  of  the 
generation  of  tsunami— one  of  many  problems  invohing 
the  interaction  of  land  and  sea  in  seismically  active 
marine  and  coastal  regions. 

The  importance  of  hydrographic  work  in  .\Iaskan 
waters  has  two  significant  aspects.  First,  each  year  more 
ships  with  deeper  drafts  use  Alaska's  \ast  and  complex 
waterways.  This  requires  many  long  seasons  of  bottom- 
sounding  investigations.  The  task  is  further  complicated 
by  Alaska's  geology  as  the  rugged  mountains  and  many 
glaciers  contribute  enough  sediment  to  the  rivers,  fiords, 
bays,  and  estuaries  to  change  bottom-sounding  charts 
radically  within  a  1-year  period  [Jordan,  1962].  Another 
cause  of  frustration  to  the  hydrographic  engineer  Ls  the 
continuing  tectonic  vmrcst  in  southern  .\laska.  During 
the  March  27,  1964,  Prince  Willian  Sound  Earthquake 
as  much  as  90,000  square  kilomctei-s  of  sea  floor  and 
islands  may  have  been  uplifted  [Plafker,  1965^,  causing 
dangerous  shoaling  of  the  sea  floor  in  many  areas. 

Second,  another  aspect  of  relevancy  is  the  need  for 
continuing  detailed  hydrographic  sur\c\-s  in  areas  of 
crustal  deformation.  Each  time  crust,il  defonnation 
resulting  from  earthquake  forces  is  measured,  more  is 
learned  about  the  strength  and  competency  of  the  earth's 
crust,  .\mong  the  major  authenticated  crust.il  deforma- 
tions of  large  magnitude  ;u'e  those  resulting  from  the 
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Prince  William  Sound  Earthquake  of  1964 


Yakutat  Bay  (Alaska)  earthquake  of  1899  and  the 
Prince  William  Sound  Earthquake  of  1964,  about  420 
kilometers  apart.  The  Yakutat  Bay  earthquake  was 
investigated  6  years  after  the  disturbance.  Portions  of  the 
earth's  crust  were  calculated  to  have  been  uplifted  in 
excess  of  14  meters,  on  the  basis  of  new  and  old  barnacle 
and  other  sessile  organism  lines  on  rocks  along  the  shore 
[Tarr  and  Martin,  1912].  The  1964  Prince  Wilham 
Sound  Earthquake  was  accompanied  by  uplift  in  excess 
of  10  meters  on  southwestern  Montague  Island  and, 
according  to  detailed  bathymetric  studies,  uplift  in  excess 
of  14  meters  in  offshore  areas  southwest  of  Montague 
Island.  It  may  be  coincidental  that  these  two  maxima  of 
recorded  uplift  are  about  equal.  It  also  is  possible  that 
these  maxima  are  quantitatively  related  to  local  tectonic 
forces  and  to  the  strength  of  the  earth's  crust  as 
deformed  by  a  single  seismic  event. 
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Gravity  Anomalies  over  the 
Aleutian  Trench 


Alexander  Malahoff 

Hawaii  Institute  of  Geophysics,  Honolulu 

Barrett  H.  Erickson 

Pacific  Oceanographic  Research  Laboratory, 
ESSA,  Seattle.  Washington 

In  1964  the  USC&GS  Surveyor  crossed  the 
Aleutian  trench  48  times  between  165°  and 
I80°W  longitude.  The  data  provide  a  basis  for  a 
free-air  gravity  map,  a  Bouguer  gravity  map 
(density  2.87  gm/cm^),  and  three  possible  crus- 
tal  models  that  fit  the  results  and  available  seis- 
mic data.  The  area  covered  hes  west  of  an  ear- 
lier gravity  survey  described  by  Peter,  et  al. 
1 19651 ,  of  the  Aleutian  trench  between  I55''W 
and  165"^  longitude  and  53°  and  55°N  latitude. 
As  on  the  earlier  gravity  survey,  which  was  also 
carried  out  by  the  U.S.  Coast  and  Geodetic  Sur- 
vey, the  observations  were  made  along  north- 
-south  Unes  spaced  20  km  apart  and  extending 
about  200  km  south  of  the  island  arc.  A 
LaCoste-Romberg  sea  gravimeter  S-1  2  was  used, 
and  the  measurements  were  part  of  the  ESSA 
SEAMAP  project  \Pctcr  and  Stewart.  1965 1. 
Gravimeter  connections  were  made  to  8  port 
bases,  most  of  which  were  tied  to  stations  of 
the  world  gravity  network  established  by  Wool- 
lard and  Rose.  |I963|.  These  ties  suggest  pos- 
sible discrepancies  as  large  as  3  mgal  over  parts 


of  a  six-month  period,  and  were  attributed  to 
meter  drift,  although  other  factors  may  have 
contributed.  Most  of  the  gravity  profiles  ob- 
served across  the  Aleutian  trench  ate  smooth 
and  the  observed  data  are  estimated  to  be  ac- 
curate to  within  ±3.0  mgal.  During  rough  seas 
the  meter's  performance  was  erratic,  but  by  ap- 
plying vertical  acceleration  corrections,  as 
described  by  Dehlinger  et  al.  (19661,  it  was 
possible  to  smooth  out  some  of  the  erratic  re- 
sults. 

The   data  reported  by  Peter,   et  al    |1965| 
were   taken  along  15  north-south  profiles  and 


one  cross  profile;  and  show  a  minimum  free-air 
gravity  anomaly  of  -70  to  -80  mgal  paralleling 
the  axis  of  the  trench  but  located  about  10  to 
20  km  north  of  the  trench  axis  The  axis  of  the 
trench  lies  in  water  depths  ranging  from  5700 
meters  at  the  eastern  end  to  6800  meters  at  the 
western  end.  At  about  158"40'W  and  53°50'N 
there  is  a  sharp  increase  in  the  depth  of  the 
trench  (down  to  6400  meters  from  5400  meters 
to  the  east);  it  is  accompanied  by  a  decrease  in 
the  free-air  gravity  anomaly  to  -80  mgal.  South 
of  the  trench  axis  and  at  ocean  depths  of  about 
4500  to  5000  meters,  the  free-air  anomaly  over 
the  smooth  ocean  floor  averages  -fSO  mgal. 

By  using  the  Nafe-Drake  curve  relating  rock 
densities  lo  rock  velocities  [Talwani,  et  al., 
1959 1  and  seismic  refraction  profiles  and  inter- 
pretative sections  obtained  by  Shor  (1962|  in 
the  area  of  gravity  survey,  Peter  et  al.  prepared 
a  crustal  section  for  which  the  computed  and  ob- 
served free-air  gravity  anomaly  profiles  generally 
matched  within  a  few  milligals.  Two-dimen- 
sional computer  techniques  and  crustal  den- 
sities transposed  from  the  data  of  Shor  were 
used  to  construct  the  crustal  density  sections, 
using  a  mantle  density  of  3.3  gm/cm^.  The 
interpretation  of  the  gravity  anomalies  for  the 
eastern  section  of  the  Aleutian  trench  shows  a 
10.5  km  depth  to  the  mantle  100  km  south  of 
the  trench  axis  (free-air  gravity  anomaly  +50 
mgal);  a  depth  of  12  km  to  the  mantle  SO  km 
south  of  the  trench  axis  (free-air  anomaly  +30 
mgal);  and  a  depth  of  10  km  to  the  mantle  over 
the  axis  of  the  trench  (free-air  anomaly  -65 
mgal).  Peter  et  al.  did  not  achieve  a  good  fit 
between  the  observed  and  calculated  free-air 
anomaly  profiles  over  the  landward  portion  of 
the  trench. 

The  most  distinct  difference  in  the  gravity 
anomalies  between  the  area  of  the  trench  east 
of  160°W  (studied  by  Peter  et  al.)  and  the  area 
between  165°  and  I80°\V  is  the  progres- 
sive westward  decrease  in  the  free-air  anomaly 
values,  which  reach  -160  mgal  over  the  axis  of 
the  trench  at  about  I68°W.  This  change  in  the 
free-air  anomaly  values  corresponds  to  an  in- 
crease in  the  depth  of  the  trench  down  to  7250 
meters.  Between  165°  and  t80°W  the  depth 
and  configuration  of  the  trench  are  remarkably 
constant  (see  I  igure  1).  The  free-air  anomahes 
along  the  north-south  sections  also  stay  remark- 
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Fig.  1.    Five  evenly  spaced  halhymelric  and  associated  free-air  grariiy  anomaly  profiles  across 

the  Aleutian  trench  between  165"  and  I SO°W  longitude. 
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Fig.  2.    Free-air  gravity  anomalies  over  the  Aleutian  trench  between  165°  and  180°W  longitude.  Contour  interval  50  milligals. 


ably  constant  between  these  longitudes  (see  Fig- 
ure 2).  Bathymetric  profiles  across  the  trench 
show  that  depth  of  7000  to  7250  meters  are  pres- 
ent at  the  axis  of  the  trench  and  that  a  50-km 
wide  bench  occurs  north  of  the  axis  at  a  depth  of 
4000  to  4500  meters  with  the  continental  shelf 
beginning  at  150  km  north  of  the  axis.  Two 
prominent  aspects  of  the  bathymetric  and  free- 
air  gravity  anomaly  profiles  are:  (I)  high  (+50 
mgal)  anomalies  over  the  'undisturbed'  5000- 
meter  deep  oceanic  crust  south  of  the  trench 


axis;  and  (2)  the  persistence  of  the  -150  to 
-200  mgal  free-air  anomaly  over  the  bench  north 
of  the  trench  despite  a  decrease  of  about  2000 
meters  in  water  depth. 

A  density  of  2.87  g/cm'  was  used  for  the 
crust  in  constructing  the  Bouguer  gravity  anom- 
aly map  given  in  Figure  3.  If  the  ■^450-mgal 
average  Bouguer  anomaly  over  the  undisturbed 
oceanic  crust  south  of  the  trench  axis  is  plotted 
on  Woollard'%  [1962]  curve  of  Bouguer  anom- 
aly versus  elevation  of  mantle  for  an  oceanic 


crust,  a  depth  to  mantle  of  1 1  km  is  found.  By 
using  the  formula  oi Rose  et  al.  [  1968] ,  DMZ  = 
32  -  ^OODW  -  FAAI19.25.  where  DMZ  is  the 
depth  to  the  mantle  from  sea  level;  DW  is  the 
depth  of  water,  DW  =  4.8;  FAA  is  the  free-air 
anomaly,  FAA  =  +50  mgal;  a  depth  of  10.2  km 
to  the  mantle  is  obtained  for  the  undisturbed 
portion  of  the  oceanic  crust  south  of  the  trench. 
The  occurrence  of  a  relative  Bouguer  gravity 
low  of  +200  mgal  over  the  bench  of  the  Aleu- 
tian trench  north  of  the  trench  axis  (see  Figure 


Fig.  S.    Bouguer  gravity  anomaly  over  the  Aleutian  trench  between  165°  and  I80°W  longitude  based  on  a  rock  density  of  2.87  gm/cc.  Contour 

interval  50  milligals. 
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h'ig.  4.     Balhvnii'lnc  map  of  the  Alciiliaii  Irciuii.  Coiiinur  inlerral  500  meters. 


4)  suggests  a  low  density  crust,  or  low  density 
upper  mantle.  The  general  +250  nigal  Bouguer 
high  north  of  the  +200  ingal  low  suggests  a  local 
thinning  of  the  crust  or  a  general  increase  in  the 
density  of  the  crust  or  upper  mantle.  The  +200 
mgal  low  coincides  with  the  -200  to  -250  mgal 
free-air  low  over  the  bench  located  north  of  the 
northern  wall  of  the  Aleutian  trench. 

Interpretation  of  the  gravity  anomalies  m 
terms  of  crustal  structure  for  the  area  of  the 
Aleutian  trench  studied  in  this  paper  was  based 
on  the  rock  density-seismic  velocity  curve  of 
Woottard  1 1968]  and  the  lew  seismic  refraction 
profiles  obtained  by  Shor  1 1964|  over  the  a\is 
of  the  trench. 

A  computer  program  was  used  to  compute 
several  theoretical  free-air  gravity  anomaly  pro- 
files over  two-dimensional  geological  sections 
constructed  by  using  the  data  of  Shor  as  con- 
trol. One  .such  geological  section  constructed 
was  based  on  a  north-south  bathymetric  and 
free-air  gravity  anomaly  profile  across  the 
trench  located  at  166°W  longitude.  The  struc- 
tural aspects  of  the  section  and  the  accompany- 
ing free-air  anomalies  are  given  in  Table  1 .  The 
computations  suggest  a  mantle  depth  of  10.6 
km  below  sea  level  at  75  km  south  of  the  trench, 
intermediate  between  the  11.0-  and  10.2-km 
depths  suggested  by  WoollarJ'i  |1968|  formula 
and  the  Rose  et  at  |196R1  formula,  respec- 
tively. Seismic  data  oi  Shor  (1962)  over  the 
trench  east  of  the  area  studied  suggests  a  mantle 
depth  of  14.6  km  in  a  water  depth  of  6800 
meters.  Data  in  Table  1  suggest  a  mantle  depth  of 
14.6  km  beneath  the  trench  in  a  water  depth  of 
7.1  km.  The  crust-mantle  interface  cont~iguration 
along    166°W    longitude   across    the    Aleutian 


TABLl.    I.    Suggested  Rock  Density  Layer  Model  for  Crustal  Section  along   166  W  Longitude 
across  the  Aleutian  Trench 


A 

95N 

75N 

55N 

35N 

I5N 

B       + 

165 

+ 

45 

+   20 

- 

170 

- 

160 

(I) 

(2) 

(I) 

(2) 

(1) 

(2) 

(1) 

(2) 

(1) 

(2) 

It' 

0 

H' 

0 

W 

0 

If 

0 

If 

0 

2.3 

0.8 

2.3 

1.0 

2.0 

1.7 

1.9 

3.8 

1.9 

4.9 

2.4 

1.7 

2.4 

1.8 

2.2 

2.5 

2.2 

5.2 

■>  -) 

6.4 

2.7 

3.8 

2.7 

3.8 

2.3 

3.4 

2.3 

5.9 

2.4 

7.4 

3.0 

6.8 

3.0 

7.3 

2.4 

4.9 

2.4 

7.2 

1.0 

9,1 

3.4 

19.6 

3.4 

20.5 

2.7 
3.0 

3.4 

7.0 
13.3 

24.4 

2.7 
3.0 

3.4 

8.9 
13.8 

24.0 

3.4 

14.5 

A 

0 

ISS 

35S 

55S 

75S 

B 

145 

- 

SO 

+ 

40 

+ 

50 

+ 

50 

(1) 

(2) 

(1) 

(2) 

(I) 

(2) 

(1) 

(2) 

(1) 

t2) 

W 

0 

W 

0 

W 

0 

W 

0 

If 

0 

1.9 

7.1 

1.9 

5.8 

2.1 

4.3 

2.1 

4.8 

2.1 

4.8 

2.2 

8.1 

2.2 

6.4 

2.7 

5.3 

2.7 

5.2 

2  7 

5.1 

2.7 

9.0 

2.7 

6.9 

3.0 

7.0 

3.0 

6.6 

3.0 

6.4 

3.0 

10.4 

3.0 

8.3 

3.4 

11.2 

3.4 

10.9 

3.4 

10.6 

3.4 

14.5 

3.4 

12.4 

.4  Distance  in  minutes  of  latitude  north  (N)  or  south  (S)  of  trench  i.vis. 

B  free-air  anomaly  in  milligals. 

1 1 )  Densities  of  imphed  layers  (If  is  the  water  layer)  in  g  cm-'. 

(2)  Depth  to  top  of  layer  from  sea  level  in  kilometers. 


554 


trench  therefore  appears  to  be  adequately  rep- 
resented by  the  data  contained  in  Table  1. 

A  density  of  3.4  g/cm^  was  assumed  for  the 
upper  mantle  in  calculating  the  crustal  section 
and  also  assumed  to  be  constant  for  the  section. 
The  apparent  depression  of  the  mantle  to  24 
km  at  45  km  north  of  the  trench  a.xis  beneath 
the  bench  of  the  northern  wall  of  the  trench 
may  also  be  intepreted  in  terms  of  the  general 
decrease  in  the  density  of  the  upper  mantle  as  a 
result  of  admi.xture  of  crustal  rocks  during  epi- 
sodes of  island  arc  overthrusting  over  the  down- 
ward moving  oceanic  crust,  as  postulated  by 
hacks  e!  al.  [1968] .  The  admixture  of  crustal 
rocks  into  the  mantle  would  lead  to  the  disap- 
pearance of  'sea  floor  spreading'  magnetic 
anomaly  patterns  imprinted  upon  the  rocks  of 
the  oceanic  crust.  The  line  of  admixture  of  the 
crustal  rocks  into  the  mantle  beneath  the  bench 
would  then  logically  coincide  with  the  Une  of 
disappearance  of  the  'sea  floor  spreading'  mag- 
netic anomaly  patterns;  the  east-west  aligned 
magnetic  anomaly  patterns  located  south  of  the 
trench  do  in  fact  lose  their  identity  over  the 
northern  wall  of  the  trench  (Figure  5)  and  not 
over  the  trench  axis.  The  magnetic  anomaly 
patterns  in  Figure  5  do  therefore  substantiate 
that  the  zone  of  admixture  of  crustal  rocks  into 
the  mantle  does  indeed  appear  to  be  located 
beneath  the  northern  wall  of  the  trench,  as  sug- 
gested above  by  the  gravity  and  seismic  data. 


Conclusions 

1.  The  smooth  oceanic  crust  150  km  north 
of  the  Aleutian  trench  axis  has  an  average  depth 
of  4500  meters  and  an  associated  free-air  anom- 
aly of -1-50  mgal. 

2.  Free-aii  gravity  anomalies  and  the  bathy- 
metric  features  of  the  Aleutian  trench  parallel 
one  another.  However,  the  -150  to  -200-mgal 
free-aii  anomaly  low  extends  from  the  axis  of 
the  trench  onto  the  northern  wall  of  the  bench 
located  at  a  depth  of  4500  meters  north  of  the 
trench  axis. 

3.  A  +150  to  -1-200  mgal  relative  Bouguer 
gravity  anomaly  low  is  also  located  over  the 
bench. 

4.  Interpretation  of  the  free-air  and  Bouguer 
gravity  anomaUes  suggests  an  oceanic  crustal 
thickness  of  10.6  km  at  75  km  south  of  the 
trench  axis;  a  14.5-km  thick  crust  beneath  the 
trench  axis;  and,  probably,  a  low-density  upper 
mantle  at  45  km  north  of  the  trench  axis. 
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ABSTRACT 

Bathymetric  surveys   carried  out  hy   the   U.    S.    Coast   and  Geodetic 
Survey  Ship  MC  ARTHUR  show  that   the  north  insular  shelf  of  Molokai 
is   a  smooth  plain,   gently   dipping  seaward,   with   three  slight   steps, 
one  occurring  between    the    30-   and  60- foot  isobaths ,   one  between   the 
150-   and  180- foot  isobaths   and  one  near   the   300- foot  isobath.      The 
shelf  break  occurs  near   the   500-foot  isobath.      Off  East   Molokai 
Volcano   the  shelf  is   cut  by  eleven  submarine   canyons;   along  West 
Molokai    the  shelf  is   unbroken  except  for  one   canyon.      About  half  of 
the   canyons  have  bowl-shaped  heads;    the   remainder  have  V-shaped 
heads.      Generally  speaking,    the   canyons  originate   about  one  mile 
offshore . 
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INTRODUCTION 

The  1968  survey  carried  out  by  the  U.  S.  Coast  and  Geodetic 
Survey  Ship  MC  ARTHUR  along  the  north  coast  of  Molokai  Island  has 
made  possible  the  construction  of  a  bathymetric  map  for  that  area 
with  a  60-foot  contour  interval.   This  map  can  now  be  matched  to 
the  existing  topographic  map  of  the  island  of  Molokai  so  that  the 
relationship  between  the  geomorphology  of  the  insular  shelf  and 
that  of  the  island  can  be  studied. 

Previous  studies  of  the  Molokai  area  include  that  of  Stearns 
and  Macdonald  (1947)  on  the  geology  and  geomorphology  of  the  island 
and  that  of  Shepard  and  Dill  (1966)  on  the  submarine  canyons.   In 
addition,  magnetic  studies  of  the  area  have  been  reported  by  Malahoff 
and  Woollard  (1966),  and  gravity  observations  by  Strange  et  al.  (1965) 
Seismic  reflection  studies  have  been  reported  by  Kroenke  (1965)  and 
Mathews on  (1969). 
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SURVEY  OPERATION 

A  total  of  1,340.7  nautical  miles  of  ship  and  launch  hydrographic 

survey  lines  were  run  in  a  120  square  nautical  mile  survey  area  along 

the  north  coast  of  Molokai  (Fig.  1).   The  spacing  of  the  survey  lines 

were  set  in  the  project  instructions  as  follows: 

Line  Spacing: 

50  meters   -  Maximum  spacing  on  1:5,000  scale  sheets  and 

in  channels,  anchorages,  bays,  boat  harbors. 

Harbor  of  Refuge 

50  -  100 

meters   -  Less  than  20  fathoms  off  rocky  points  and  spits 

100  meters  -  Less  than  20  fathoms  along  general  coastline 

200  meters  -  20  to  30  fathoms,  maximum  spacing  on  1:10,000 

scale  sheets 

400  meters  -  30  to  110  fathoms 

800  meters  -  over  IJO  fathoms 

Figure  1  shows  the  line  spacings  obtained  during  the  survey  as  measured 
on  the  survey  boat  sheets.   About  10  per  cent  of  the  survey  lines  were 
run  as  crosslines  to  check  the  accuracy  of  the  primary  survey. 

The  entire  survey  was  controlled  by  visual  3-point  sextant  fixes 
spaced  from  1  to  5  minutes  apart.   A  total  of  5,765  position  fixes 
were  made.   The  launch  sounding  instruments  were  calibrated  to  a  depth 
of  six  fathoms  using  a  bar  check.   Physical  oceanographic  parameters 
obtained  from  Nansen  bottle  stations  were  used  to  determine  sound  velocity 
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correctlons  from  0  to  100  fathoms.  Corrections  for  deeper  depths  were 
obtained  from  Hawaii  Institute  of  Geophysics  Report  HIG-67-18  (Belshe, 
1967).  Corrections  for  tide  were  based  on  a  bubbler  tide  gage  mounted 
on  Kalaupapa  Wiarf,  Molokal,  2ri2'22"  North  latitude,  I56''59'29"  West 
longitude.  The  standard  tide  gage  at  Kahulul,  Maul  was  used  as  a 
bark-up  for  the  Kalaupapa  gage. 
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CHARACTERISTICS  OF  THE  SHELF 

The  north  insular  shelf  of  Molokai  Island  Is  a  smooth  plain, 
dipping  about  1°  toward  the  sea.   Three  slight  steps  occur  along  the 
shelf;  one  between  the  30-  and  60-foot  isobaths,  one  between  the 
150-  and  180-foot  isobaths,  and  one  near  the  300-foot  Isobath  (see 
Map,  in  pocket).   The  shelf  dips  about  2°   between  the  shoreline  and 
the  30-  60-foot  isobath  step,  then  at  about  a  1°  dip  to  the  150- 
180-foot  isobath  step,  which  dips  at  about  2°.   Beyond  this  step  the 
shelf  again  dips  at  about  1°  until  the  300-foot  isobath  where  the 
dip  of  the  shelf  decreases  slightly  to  about  0.75°,  continuing  at 
this  dip  to  the  shelf  break  which  occurs  at  about  the  500-foot 
isobath. 

Six  ancient  shore  lines  around  the  Hawaiian  Islands  are  now 
submerged:  they  are  the  Koko  at  15  feet;  the  Waiplo  at  60  feet;  the 
Penguin  Bank  at  180  feet;  the  Mamala-Kahipa  at  300  feet;  the  Lualualei 
from  1200  to  1800  feet;  and  the  Waho  at  3600  feet  below  sea  level 
(Easton,  1965;  Ruhe  et  al. ,  1965;  Stearns,  1966,  1967).   The  first 
four  named  ancient  shorelines  are  apparent  in  bathymetrlc  profiles 
across  the  north  Molokai  shelf  (Fig.  2).   The  deeper  ancient  shorelines 
occur  beyond  the  limits  of  the  survey. 

An  anomalous  bathymetrlc  area  off  East  Molokai,  about  1-1/2  miles 
north  of  Pelekunu  Bay  and  about  6  miles  east  of  Kalaupapa  Peninsula,  is 
characterized  by  numerous  small,  steep-sided  pinnacles  (Fig.  3).   These 
small  features  have  a  relief  of  about  75  feet  and  correspond  to  the 
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+270  mgal  Bouguer  gravity  anomaly  maximum  (Strange  et  al.,  1965),  and 
to  the  inflection  point  in  the  magnetic  anomaly  (Malahoff  and  Woollard, 
1966)  related  to  the  North  Molokai  Volcanic  Pipe  Zone.   From  these 
geophysical  data  it  is  suggested  that  the  pinnacles  are  submerged 
stacks  or  other  erosional  features  that  mark  the  center  of  volcanism 
of  the  East  Molokai  Volcano. 

The  MC  ARTHUR  survey  shows  that  the  East  Molokai  submarine  canyons 
except  for  two  off  Kalaupapa  originate  about  one  mile  off  shore,  and 
that  the  West  Molokai  submarine  canyon  originates  about  three  miles 
off  shore.   The  shelf  between  the  canyon  heads  and  the  shoreline  is 
generally  smooth  with  no  distinct  continuation  between  each  submarine 
canyon  and  its  corresponding  land  canyon  (see  Map,  in  pocket).   However, 
east-west  profiles  across  the  Pelekunu  submarine-subaerial  canyon 
system  (Fig.  4)  show  a  direct  relationship  between  the  submarine  and 
subaerial  portions  of  the  canyon  system.   The  long  profile  of  the 
Pelekunu  canyon  system  which  shows  no  distinct  nick  points  can  be  divided 
into  three  basic  sections  (Fig.  5):  (1)  the  inland  canyon  section, 
(2)  the  waterline  section,  and  (3)  the  submarine  canyon  section.   The 
average  gradient  of  the  inland  canyon  section  is  about  1/3  (slope  18°); 
the  waterline  section,  about  1/30  (slope  2°);  and  the  submarine  canyon 
section,  about  1/8  (slope  7°). 

About  half  of  the  canyons  have  typical  bowl-shaped  heads,  the 
remainder  have  V-shaped  heads.   In  some  cases,  the  canyons  with  bowl- 
shaped  heads  actually  have  two  or  more  small,  less  than  0.1-mile  long, 
V-shaped  or  U-shaped  canyons  as  tributaries.   These  small  canyons 

acting  together  form  the  generally  bowl-shaped  head  of  the  major  canyon. 
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Fig.    2.      North-south  bathymetric   profiles   spaced   5   nautical  miles 
apart   showing   the  ancient   shorelines   that    are   apparent    in   the 
area. 
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Fig.  3.   Detailed  bathymetric  map  of  the  North  Molokai  Volcanic  Pipe 
Zone.   Contour  Interval  30  feet  corrected. 
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Fig.  A.   East-West  profiles  across  the  Pelekunu 
Canyon  System.   Profile  spacing:  0.5  nautical 
miles . 
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Geophysical  Reconnaissance  in  the  Gulf  of  Tadjura 


ABSTRACT 

Bathymctiic  and  magnetic  surveys  together  with  into  the  Gulf  of  Tadjura.  West  of  43°18'  E.,  hou- 
a  seismic  reflection  Unc  confirm  the  extension  of  ever,  the  identification  ol  the  nit  is  tenuous,  subject 
the  rift  system  from  the  Gulf  of  Aden  westward       to  individual  interpretation. 


INTRODUCTION 

The  Gulf  of  Tadjura,  a  narrow  westward 
projection  of  the  Gulf  of  Aden,  has  long  been 
suspected  to  Hnk  the  East  African  Rifts  with 
the  mid-oceanic  ridge  of  the  Gulf  of  Aden 
(Heezen,  1959).  A  narrow  seismic  belt  that 
follows  the  median  valley  of  the  mid-oceanic 
ridge  runs  into  the  African  continent  through 
the  Gulf  of  Tadjura  (Sykes  and  Landisman, 
1964).  Magnetic  and  bathymetric  surveys  in 
the  Gulf  of  Aden  (Laughton,  1966)  have 
further  supported  the  possibility  of  such  a 
connection. 

The  U.S.  Coast  and  Geodetic  Survey  Ship 
Oceanographer  conducted  a  geophysical  study 
of  the  Gulf  of  Tadjura  in  1967  in  order  to  in- 
vestigate this  proposed  connection  in  detail. 
This  note  discusses  a  seismic  reflection  line  and 
the  bathymetric  and  magnetic  total-intensity 
maps  produced  as  a  result  of  this  study.  Durmg 
the  preparation  of  these  maps,  data  from  the 
RRS  Discovery  (Roberts  and  Whitmarsh,  1969) 
and  the  RV  Vema  (Girdler  and  Peter,  I960) 
were  also  consulted.  Bathymetric  data  were 
further  supplemented  by  values  from  U.S. 
Naval  Oceanographic  Office  Chart  No.  3635. 
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DATA  COLLECTION 

Depth  and  magnetic  total  field  iiitensitv 
measurements  were  recorded  h\  a  Ravtheon 
PFR  and  a  \'arian  Proton   Precession  Mas- 


netometer,  respectively.  The  seismic  system 
utilized  a  Bolt  10-cubic  inch  airgun  and  an 
Alpine  recording  system  and  hydrophone 
array.  The  tracklines  were  run  during  day- 
light hours  and  used  visual  and  radar  fixes  on 
shore  for  navigational  control.  Based  on  track- 
line  crossings,  the  over-all  positioning  ac- 
curacy is  better  than  1  km. 

The  large  amplitude  of  the  local  magnetic 
anomalies  and  the  contour  interval  chosen 
permitted  the  daily  variation  of  the  magnetic 
field  to  be  neglected.  Because  of  the  small  area 
of  the  gulf,  the  removal  of  the  regional  field 
was  unnecessary. 

The  western  half  of  the  magnetic  map  of 
Girdler  and  Peter  (1960)  has  been  incorpo- 
rated to  illustrate  the  continuation  of  the 
magnetic  trends  from  the  Gulf  of  Aden  into 
the  Gulf  of  Tadjura.  As  the  37,000-gamma 
contour  of  the  recent  surve\-  is  coincident  with 
the  36, 250-gamma  contour  of  the  earlier  sur- 
vey, an  adjustment  of  +750  gammas  was 
added  to  the  contour  values  of  the  earlier 
work  to  bring  the  two  into  agreement. 

DISCUSSION 

Within  the  Gulf  ot  .\dcn  the  mid-occ.uiic 
ridge  system  is  an  cssenliallv  east-west-striking 
feature  offset  bv  northcast-southwest-trendiiig 
fault  zones.  In  many  cases  these  faults  extend 
from  the  Somali  shelf  on  the  south  to  the 
Arabian  shelf  on  the  north.  The  taults  arc  in- 
dicateci  liy  conspicuous  northeast-southwest- 
trending  scarps  along  the  edge  ot  these  shcNes 
(Laughton,  1966). 

The  relief  ot  the  mid-oceanic  ridge  svstem 
in  the  Gulf  of  .Vden  tfiminishes  trom  east  to 
west,  and  by  45°  E.  it  is  reduced  to  a  single 
deep  \  alley,  trending  west-southwest  towarci 
the  northern  coastline  of  the  Gulf  of  Tadjura. 
At  the  entrance  ot  the  Gult  ot  Tadjura,   the 
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average  depth  of  the  central  valley  is  more 
than  700  fathoms  (1300  m)  (Fig.  1).  At 
43°  18'  E.  the  valley  shoals  to  less  than  400 
fathoms  (700  m)  and  is  offset  toward  the  south- 
west by  9  km.  Another  shoaling  and  an  offset 
to  the  southwest  of  approximately  the  same 
magnitude  occurs  at  43°07'  E.  The  offsets  are 
along  northeast-southwest  trends  in  the  ba- 
thymetry that  are  in  close  alignment  with 
similar  trends  in  the  northern  coastline  and  in 
the  southern  shelf  break  (100-fathom  or  200-m 
isobath).  This  development,  therefore,  is  in 
close  agreement  with  the  structural  framework 
of  the  Gulf  of  Aden  (Laughton,  1966). 

The  magnetic  anomalies  (Fig.  2)  generally 
confirm  the  extension  of  the  central  valley  into 
the  Gulf  of  Tadjura,  and  its  proposed  offsets. 
The  gulf  is  so  narrow  that  the  central  valley 
and  the  associated  negative  anomaly  appear 
to  fill  the  gulf  from  shelf  break  to  shelf  break. 
The  negative  magnetic  anomaly  is  not  due  to 


the  topographic  effect  of  the  valley,  but,  as 
Girdler  and  Peter  (1960)  have  proposed  in 
their  study  of  the  mid-oceanic  ridge  system 
immediately  east  of  this  area,  the  intrusives 
below  the  central  valley  of  the  mid-oceanic 
ridge  are  responsible  for  the  anomaly.  If  these 
intrusives  were  formed  under  the  present 
direction  of  the  earth's  magnetic  field,  a  case 
demonstrated  for  all  mid-oceanic  ridge  seg- 
ments studied  by  Vine  (1966)  and  others, 
their  magnetic  effect  could  provide  the  ob- 
served negative  anomaly  at  this  magnetic 
latitude. 

The  valley  actually  ends  as  a  major  feature 
of  the  Gulf  of  Aden  at  the  first  offset  (43°  18' 
E.).  No  clear-cut  correlation  can  be  established 
between  the  negative  magnetic  anomaly  and 
the  central  valley  from  this  point  westward. 
Lack  of  correlation  between  the  two  offsets 
could  be  the  result  of  fracturing  of  the  narrow 
block  in  question;  west  of  the  second  offset 
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Figure  1.     Generalized  bathymetric  map  of  tfie  Gulf  of  Tadjura.  Lines:  A,  seismic  profile;  B  and  C,  bathymetric 
and  magnetic  cross  sections  (Fig.  3).  Contour  interval  100  fathoms  (1  fathom  =  L83  m). 
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Figure  2.     Magnetic  total  intensity  anomaly  contour  lines  in  the  Gulf  of  Tadjura  and  western  Gulf  of  Aden. 
Contour  interval  250  gammas.  Solid  lines  for  Oceanographer  tracks;  dotted  lines  for  Discovery  and  Vema  tracks. 


(43°07'  E.)  sediments  and  volcanics  seem  to 
have  filled  the  valley  from  the  south  and  shifted 
its  axis  northward.  The  magnetic  low  in  this 
area  is  clearly  to  the  south  of  the  topographic 
deep  (Fig.  3).  Farther  west  of  these  sections, 
the  single  magnetic  low  splits  into  two, 
probably  as  a  result  of  some  local  geologic  in- 
fluence. 

In  addition  to  magnetic  and  bathymetric 
data,  seismic  reflection  measurements  were 
made  along  the  westernmost  reconnaissance 
line  (Fig.  1;  PI.  I*).  The  northern  slope  of  the 
Gulf  of  Tadjura  along  this  section  displays 
approximately  100-m- thick  (0.1 -second  two- 
way  reflection  time)  steeply  southward- 
dipping  sedimentary  strata  that  conformably 
overlie  harder,  possibly  volcanic,  rocks.  Sedi- 
ments exposed  on  the  southern  slope  dip  more 
gently  below  younger  sediments  and,  after 
crossing  the  gulf,  terminate  against  the  sedi- 
mentary strata  of  the  northern  slope.  The 
younger  sediments  form  a  wedge  that  fills  the 
center  of  the  gull.  Most  ot  the  strata  within 
this  wedge  dip  and  thicken  northward  and, 
like  the  underlying  sediments,  terminate 
against  the  northern  slope.  The  lower  100  m 
ot  the  wedge  are  conformable  to  the  undcrlving 
reflector,  and  there  are  weak  indications  that 
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Figure  3.  Bathymetric  and  m.ignetic  sections  across 
the  Gulf  of  Tadjura  along  protiios  B  .uid  C  (Fig.  1). 
Bathymetric  scale  is  in  f.ithoms  (1  fathom  =  1.83  ni). 
North  is  on  the  right-hand  side  of  the  profiles. 


2316       PETER  AND  DeWALD— GEOPHYSICAL  RECONNAISSANCE,  GULF  OF  TADJURA 


Strata  within  this  layer  at  one  time  outcropped 
on  the  sea  floor.  These  former  outcrops  now 
seem  to  be  covered  with  a  thin  veneer  of  recent 
sediments.  Another  interpretation  would  be  a 
suggestion  of  a  flexure  of  these  sediments  at 
Point  B  (PI.  1).  Below  the  recent  sediments, 
next  to  the  northern  slope,  there  is  a  small 
pond  of  horizontally  layered  sediments  over- 
lying the  dipping  wedge.  The  deepest  re- 
flectors under  the  southern  slope  are  again 
possibly  volcanics,  but  their  characteristics 
indicate  that  they  are  not  identical  with  those 
under  the  northern  slope. 

As  has  been  indicated  earlier,  the  bathymetric 
and  magnetic  lows  cannot  be  correlated  west 
of  43°18'  E.  Due  to  the  shortness  of  the 
north-south  reconnaissance  lines,  it  is  impos- 
sible to  judge  how  severely  the  magnetic  pat- 
tern of  the  ridge  crest  has  been  distorted  in 
the  Gulf  of  Tadjura.  These  facts  must  be 
considered  in  the  interpretation  oi  the  seismic 
section  and  magnetic  data.  If  we  accept 
evidence  of  earthquake  epicenter  distribution 
suggesting  that  the  rift  of  the  mid-oceanic 
ridge  extends  this  far  west,   then  the   broad 


magnetic  low  in  the  gulf  could  be  interpreted 
to  represent  the  deep-seated  intrusions  as- 
sociated with  the  rift  valley.  The  local  short- 
wavelength  anomalies  are  probably  related  to 
lava  flows  and  eff^usives  that  are  known  to  be 
abundant  in  the  Afar  region  west  of  the  Gulf 
of  Tadjura  (Laughton,  1966;  Mohr,  1967).  A 
deep-seated  crustal  extension,  accompanying 
the  intrusives,  is  probably  responsible  for  the 
tilted  southern  block  evidenced  on  the 
seismic  profile.  The  contact  of  the  northern- 
and  southern-slope  sediments,  a  fault  scarp, 
is  apparently  along  the  northern  slope  of  the 
gulf,  against  which  the  southern  block  ap- 
pears to  be  sinking,  with  a  hinge  line  located 
farther  south.  The  steeply  dipping  sediments 
on  the  northern  slope  probably  reflect  an 
earlier  deformation  and  subsidence  of  the  area. 
These  data  generally  confirm  the  expected 
extension  of  the  geological-geophysical  trends 
from  the  east  into  the  Gulf  of  Tadjura.  There 
is  insufficient  evidence,  however,  to  support 
or  further  elucidate  the  complex  movement 
of  the  area  proposed  by  Laughton  (1966)  and 
others. 
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Magnetic  Structure  of  the  Juan  de  Fuca-Gorda  Ridge  Area 

George  Peter  and  Robert  Lattimore 

Atlantic  Oceanographic  Laboratories,  ESSA,  Miami,  Florida  33130 

By  using  the  fracture  pattern  deduced  by  N.  Pavoni  (1966)  with  a  different  interpretation 
of  the  magnetic  anomaly  Uneations,  a  reconstruction  can  be  made  in  which  the  Juan  de  Fuca 
and  Gorda  ridges  form  a  single,  continuous,  north-south  trending  feature.  From  this  recon- 
struction, the  present  magnetic  structural  pattern  can  be  derived  by  (1)  development  of 
north west^southeast  oriented  zones  of  weakness,  (2)  left-lateral  motion  along  a  system  of 
northwest-southeast  faults  in  the  area  of  the  Blanco  fracture  zone,  (3)  clockwi-se  rotation 
and  left-lateral  motion  of  blocks  north  of  the  Blanco  fracture  zone,  and  (4)  continued  left- 
lateral  offset  along  the  northwest-southeast  faults,  in  the  course  of  which  250  km  of  the 
original  ridge  crest  was  destroyed  and  the  individual  faults  were  compressed  into  the  present 
Blanco  fracture  zone.  This  interpretation  explains  the  present  magnetic  structural  configura- 
tion and  elucidates  some  of  the  problems  involved  in  the  application  of  the  transform-fault 
concept  to  this  area.  The  anomalous  structural  fabric  (which  may  be  related  to  the  coastal 
geology)  and  the  agreement  of  the  postulated  motion  of  the  Gorda  block  along  the  Mendocino 
fracture  zone  with  known  motion  on  the  San  Andreas  fault  zone  suggest  that  the  Blanco 
fracture  zone  may  have  formed  and  the  Juan  de  Fuca  and  Gorda  ridges  may  have  separated 
during  the  Late  Tertiary  coastal  orogeny. 


Introduction 

Within  recent  years  the  most  controversial 
hypothesis  offered  to  explain  the  geologic  struc- 
ture of  the  ocean  basins  has  been  the  concept 
of  sea-floor  spreading  [Dietz,  1961;  Hess,  1962; 
Vine  and  Matthews,  1963;  Vine,  1966].  In- 
creased impetus  was  given  to  this  hypothesis 
by  the  discovery  of  the  symmetry  of  magnetic 
anomaly  lineations  associated  with  many  oce- 
anic ridges  and  by  the  correlation  of  lineations 
in  the  area  of  the  ridge  crest  with  dated  mag- 
netic polarity  reversals  and  with  the  magnetic 
stratigraphy  of  sea-floor  sediments  [Pitman  and 
Heirtzler,  1966;  Vine,  1966;  Ninkovich  et  ai, 
1966;  Opdijke  et  d.,  1966;  Dickson  and  Forster, 
1966;  Pitman  et  al.,  1968]. 

As  a  corollary  of  the  sea-floor  spreading 
hypothesis,  Wilson  [1965a,  6]  suggested  that 
apparent  lateral  offsets  of  the  mid-oceanic  ridges 
do  not  represent  displacements.  Instead,  the 
opening  of  the  crust  (along  which  the  ridges 
subsequently  formed)  may  have  been  offset  orig- 
inally. Movements  along  the  planes  joining  the 
offset  portions  of  the  ridge  crests  are  actually 
opposite  in  direction  to  that  indicated  by  the 
apparent  offset;  Wilson  named  this  mechanism 
'transform  faulting.'  The  required  motions  along 
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transform-fault  planes  joining  the  ridge  crests 
have  been  corroborated  by  the  earthquake 
mechanism  studies  of  Sykes  [1967]. 

Raff  and  Mason  [1961]  published  the  results 
of  a  closely  spaced,  well-controlled,  marine  mag- 
netic survey  over  a  large  part  of  the  Juan  de 
Fuca  and  Cforda  ridges,  which,  according  to 
Menard  [1964],  are  parts  of  the  mid-ocean 
ridge  system.  A  detailed  tectonic  interpretation 
of  these  anomalies  has  been  presented  by  Pavoni 
[1966],  It  is  the  aim  of  this  jiajier  to  offer  an 
alternative  interpretation  (Figure  1)  of  Pavoni 's 
magnetic  structural  map,  which  takes  into  ac- 
count a  symmetrical  relationship  among  certain 
lineations  discovered  after  the  publication  of 
his  work.  The  major  structural  features  are 
located  on  the  index  map  (Figure  2). 

Discussion 

The  reinterpreted  magnetic  lineation  map 
(Figure  1)  shows  the  positive  magnetic  anomaly 
bands  and  their  postulated  displacements.  Cor- 
relation of  the  anomalies  was  performed  by 
constructing  profiles  across  the  major  crustal 
blocks.  This  procedure  is  illustrated  in  Figure 
3 ;  the  locations  of  the  profiles  are  shown  in 
Figure  1.  The  numbering  of  the  anomalies  fol- 
lows the  system  of  Pitman  et  al.  [196S]. 

The  reinterpretation  of  the  identity  of  the 
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Fig.  1.  Correlation  of  magnetic  anomaly  lineations  associated  with  the  Juan  de  Fuca  and 
Gorda  ridges.  Dashed  lines  (A-A',  etc.)  are  the  locations  of  profiles  shown  in  Figure  3. 
Redrawn  from  Pavoni  [1966]. 
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magnetic  anomaly  lineations  does  not  alter  Pav- 
oni's  [1966]  delineation  of  the  crustal  blocks 
and  major  fault  zones.  Although  this  interpreta- 
tion requires  an  offset  of  the  anomalies  across 
the  Blanco  fracture  zone  (Fi)  in  a  sense  op- 
posite to  that  proposed  by  Pavoni  [1966],  it 
actually  lends  strength  to  his  argument  that 
the  Blanco  fracture  zone  is  not  a  transform 
fault.  The  principal  strength  for  Pavoni's  argu- 
ment is  in  the  offset  pattern  of  anomalies  3 
and  3',  east  of  the  Juan  de  Fuca  ridge.  Ex- 
planation of  the  structural  pattern  of  the  area 
only  in  terms  of  sea-floor  spreading  from  the 
crests  of  the  Juan  de  Fuca  and  Gorda  ridges 
leads  to  the  conclusion  that  the  anomaly  bands 
east  of  Ft  originated  from  a  'point'  source; 
there  is  no  known  segment  of  ridge  crest  from 
which  they  could  have  spread.  It  was  assumed 
that  this  conclusion  is  untenable,  and  a  recon- 
struction was  made  in  which  the  offsets  are 
explained  by  simple  strike-slip  motion. 

In  investigating  the  possible  motions  of  tlu 
crustal  blocks,  the  correlated  magnetic  anomaly 
lineations  east  of  the  Juan  de  Fuca  ridge  were 
aligned  (Figure  4).  As  the  crustal  segments 
were  shifted  along  faults  Fa,  Fa,  and  F*  to  bring 
the  anomalies   into   line,   it  was  necessary  to 


shift  the  Gorda  block  about  400  km  to  the 
west,  where  it  fitted  the  space  between  the 
other  crustal  blocks  on  the  north  and  the 
Mendocino  fracture  zone  on  the  south.  With 
this  reconstruction,  the  Juan  de  Fuca  and 
Gorda  ridges  and  the  associated  anomaly  bands 
are  in  perfect  alignment. 

Given  a  number  of  northwest-southeast  ori- 
ented zones  of  weakness  along  F,  (Figure  4) 
and  a  force  that  would  move  the  wedge-shaped 
Gorda  block  eastward  along  the  Mendocino 
fracture  zone,  the  formation  of  northeast- 
southwest  fracture  zones  (Fj,  Fa,  and  F,)  would 
be  expected  and  the  crustal  blocks  would  shift 
laterally  along  these  fracture  zones  to  produce 
the  present  configuration,  shown  in  Figure  1. 
The  relative  offset  of  these  blocks  would  be  left- 
lateral  along  a  system  of  faults  that  is  now 
compressed  into  the  Blanco  fracture  zone. 

Relative  motion  of  the  Gorda  block  along 
the  Mendocino  fracture  zone  would  be  right- 
lateral,  opposite  the  over-all  pattern  of  offset 
of  the  magnetic  anomalies  in  the  area  but  in 
agreement  with  motion  along  the  San  Andreas 
fault  system  and  other  minor  faults  along  the 
coast.  Realignment  of  the  magnetic  anomaly 
lineations  along  faults  F-,,  Fa,  and  F,  implies 
that  the  relative  left-lateral  motion  along  F, 
caused  the  destruction  of  approximately  250  km 
of  ridge  crest.  This  interpretation  assumes  that 


Fig.  3.    Correlation  of  magnetic  anomaly  linea- 
tions. Locations  of  profiles  are  shown  in  Figure 
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Fig.  4.    Reconstruction  of  magnetic  anomaly  lineations  shown  in  Figure  1.  involving  only 

lateral  displacements. 


the  Mendocino  fracture  zone  existed  as  a  major 
structural  and  tectonic  discontinuity  prior  to 
this  activity,  or,  in  other  words,  that  the  Men- 
docino ff-acture  zone  has  not  been  displaced  as 
a  result  of  younger  movements. 

A  more  realistic  reconstruction  of  Figure  1 
can  be  made  by  assuming  that  the  anomaly 
lineations  originally  were  aligned  north-south 
in  conformance  with  the  over-all  magnetic  trend 
of  the  area  [Raff  and  Mason,  1961,  PI.  1],  as 
shown  in  Figure  5.  The  present  structural  pat- 
tern (Figure  1)  is  derived  by  left-lateral  dis- 
placement along  fault  F,  and  clockwise  rota- 
tion of  the  block  between  F,  and  Fb  about  a 
'pivot'  near  its  northern  margin.  Rotation  and 


left-lateral  displacement  of  this  block  are  fol- 
lowed by  relative  eastward  movement  of  the 
Gorda  block;  a  total  displacement  of  200  km 
(measured  on  anomaly  5)  is  required.  As  a 
result  of  the  clockwise  rotation  of  the  block 
to  the  north  and  its  own  relative  eastward  mo- 
tion, an  internal  fracture  pattern  and  distorted 
magnetic  anomaly  lineations  suggestive  of  north- 
south  as  well  as  east-west  compression  were 
formed  within  the  Gorda  block. 

At  41  °N  anomaly  7  occurs  at  138°W,  or 
over  600  km  west  of  anomaly  5  [Vacquier  et 
al.,  1961].  At  this  latitude,  also,  a  number  of 
low-amplitude,  short-wavelength  anomalies  have 
been  found  on  either  side  of  anomaly  6  [Vac- 
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Fig.  5.    Reconstruction  of  magnetic  anomaly  lineations  shown  in  Figure  1,  involving  rotation 
of  crustal  blocks  and  lateral  displacements. 


quier  et  al.,  1961] ;  these  anomalies  appear  to 
be  peculiar  to  this  area  of  the  Pacific  [Pitman 
et  al.,  1968,  Fig.  5].  R.  F.  Obrochta  (U.  S. 
Naval  Oceanographic  Office,  unpublished)  has 
mapped  anomaly  7  at  48°30'N,  138°W;  the 
distance  between  this  anomaly  and  anomaly  5 
of  Figure  1,  measured  along  48°30'N,  is  360 
km.  Anomaly  6  appears  to  be  missing  west 
of  the  Juan  de  Fuca  ridge  [Pitman  and  Hays, 
1968].  It  is  suggested  that  the  240-km  increase 
in  the  distance  between  anomaly  5  and  anomaly 
7,  at  41  "N,  may  in  part  be  due  to  relative  east- 
ward motion  of  the  Gorda  fault  block,  and  that 
the  low-amplitude,  short-wavelength  anomalies 
associated  with  anomaly  6  may  represent  new 


crust  created  as  the  block  moved  eastward. 
Similarly,  the  absence  or  destruction  of  anomaly 
6  west  of  the  Juan  de  Fuca  ridge  may  be  the 
result  of  the  clockwise  rotation  and  relative 
westward  motion  of  the  Juan  de  Fuca  block. 

In  the  reconstruction  of  the  original  relation- 
ship of  the  anomaly  bands  across  the  Blanco 
fracture  zone,  it  is  postulated  that  the  eastward 
motion  of  the  Gorda  block  was  dominant  over 
westward  displacement  of  crustal  blocks  north 
of  the  fracture  zone.  Actual  motion  cannot  be 
determined  on  the  basis  of  relative  offset  of 
the  magnetic  anomalies  alone;  other  factors 
must  be  considered.  For  example,  if  the  anomaly 
bands  of  Figure  1  are  realigned  with  respect 
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to  anomalies  1  and  5  of  the  Gorda  block,  a 
number  of  lineations  east  of  the  Juan  de  Fuca 
ridge  would  fall  under  the  Washington-Oregon 
coast  and  the  northern  part  of  the  ridge  crest 
and  central  anomalies  would  fall  under  Van- 
couver Island.  With  westward  motion  of  the 
crustal  segments  north  of  the  Blanco  fracture 
zone,  these  anomalies  would  have  had  to  emerge 
from  under  the  continent.  If,  to  avoid  this 
dilemma,  it  is  postulated  that  the  continent  was 
farther  to  the  east  at  that  time,  an  additional 
assumption  must  be  made,  namely,  that  the 
continent  drifted  westward  at  a  rate  of  100 
km/m.y. 

Pitman  and  Heirtzler  [1966]  and  Vine  [1966] 
have  'dated'  anomaly  2  (in  B-B'  of  Figures  1 
and  2)  as  2  m.y.  old.  If  this  age  is  accepted, 
the  100-km  displacement  of  anomaly  2  across 
fault  F,  implies  an  average  motion  of  5  cm/yr 
along  this  fault.  Seismic-reflection  profiles  across 
this  area,  reported  by  Hamilton  and  Menard 
[1968],  indicate  that  there  has  been  no  dis- 
turbance of  the  sediments,  although  it  would 
be  expected  to  accompany  such  motion. 

A  possible  explanation  for  the  absence  of 
near-surface  evidence  of  fault  motion  is  that 
the  source  of  the  magnetic  anomaly  hneations 
is  in  the  deeper  part  of  the  crust  or  in  the 
upper  mantle;  small  offsets  could  then  possibly 
be  compensated  within  the  upper  part  of  the 
crust  and  not  manifested  on  the  sea  floor.  Ob- 
jections to  this  proposal  could  be  based  on 
deep-towed  magnetometer  data  [Mudie  and 
Harrison,  1967].  The  large-amphtude,  short- 
wavelength  anomalies  observed  near  the  sea 
floor  could,  however,  be  caused  by  small  in- 
trusives  whose  parent  bodies  are  more  deeply 
buried.  Another  possible  explanation  is  that  the 
faults  are  in  fact  much  older  than  a  few  mil- 
lion years  and  that  the  magnetic  chronology 
is  not  valid. 

Although  all  available  data  seem  to  substanti- 
ate the  magnetic  chronology,  examination  of  the 
offset  pattern  of  the  anomaly  lineations  asso- 
ciated with  the  Juan  de  Fuca  and  Explorer 
ridges  casts  further  doubt  on  its  validity.  The 
two  ridge  crests  are  displaced  about  150  km 
along  a  system  of  faults,  F«,  which  Pavoni 
[1966]  named  the  'Sovanco  fault  zone.'  The 
relation  of  the  two  sets  of  central  anomalies 
to  anomaly  5,  at  133° W  (Figure  1),  as  well 
as   the   small-scale   fracture   pattern    deduced 


from  the  anomalies,  miUtate  against  the  idea 
that  the  Sovanco  fault  zone  is  a  simple  trans- 
form fault:  The  offsets  along  F«  are  greatest 
in  the  area  of  the  central  anomalies  and  negligi- 
ble at  anomaly  5.  West  of  the  Explorer  ridge 
some  of  the  anomaly  lineations  are  missing  and 
others  are  closely  spaced,  suggesting  that  the 
horizontal  motion  may  have  been  dissipated, 
in  part,  through  crustal  compression. 

If  the  magnetic  chronology  is  accepted  and 
a  transform-fault  relationship  does  not  hold 
for  the  Explorer  and  Juan  de  Fuca  ridges,  sep- 
aration of  the  two  would  have  had  to  have 
taken  place  during  the  past  0.7  m.y.  repre- 
sented by  anomaly  1  [Pitman  and  Heirtzler, 
1966;  Vine,  1966].  From  this  it  could  be  con- 
cluded that  displacement  along  the  Sovanco 
fault  zone  is  taking  place  at  an  average  rate  of 
at  least  20  cm/yr,  a  value  that  may  be  higher 
than  generally  expected  for  motion  along  strike- 
slip  faults. 

McManus  [1965]  recognized  the  structural 
anomaly  intrinsic  in  the  northwest-southeast 
trend  of  the  Blanco  fracture  zone  and  suggested 
that  it  may  be  related  to  Miocene  features  in 
Washington  and  Oregon  that  have  a  similar 
orientation.  In  the  area  between  the  Pioneer 
and  Murray  fracture  zones  systems  of  north- 
west-southeast and  northeast-southwest  trend- 
ing faults,  similar  to  those  associated  with  the 
Blanco  fracture  zone,  may  be  interpreted  from 
the  anomaly  map  of  Mason  and  Raff  [1961, 
PI.  1].  From  more  recent  work  in  the  same 
area  [Lattimore  et  at.,  1968]  it  can  be  shown 
that,  near  the  continental  shelf,  'faults'  in  the 
northeast-southwest  trending  anomaly  bands 
are  reflected  in  the  sea-floor  topography;  the 
topographic  evidence  can,  in  turn,  be  related 
to  faults  known  in  the  continental  geology.  Con- 
sideration must  be  given  to  the  possibility  that 
the  structure  of  these  oceanic  areas  has  been 
influenced  by  tectonic  activity  on  the  continent 
and  that  the  present  configuration  may  be  re- 
lated to  the  Phocene-Pleistocene  coastal  orogeny 
[Taliaferro,  1951;  Oakeshott,  1966].  This  orog- 
eny, in  turn,  may  have  been  triggered  by  the 
late  Tertiary  reactivation  of  the  East  Pacific 
rise. 

Conclusions 

By  using  the  fracture  pattern  deduced  by 
Pavoni  [1966],  with  a  different  interpretation 
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of  the  magnetic  anomalies,  the  existence  of  the 
Juan  de  Fuca  and  Gorda  ridges,  the  Blanco 
fracture  zone,  and  associated  faults  revealed 
by  offsets  of  magnetic  anomaly  lineations  may 
be  explained  by  transcurrent  faulting.  By  care- 
ful correlation  of  the  anomaly  bands  across  the 
major  fractures  shown  by  Pavoni  [1966],  a 
reconstruction  can  be  drawn  in  which  the 
Juan  de  Fuca  and  Gorda  ridges  form  a  single, 
continuous  north-south  axis,  with  magnetic 
anomaly  bands  disposed  symmetrically  on  either 
side  of  it. 

Transform  faulting  along  the  Blanco  fracture 
zone  anu  spreading  of  the  sea  floor  away  from 
the  Juan  de  Fuca  and  Gorda  ridges  do  not  satis- 
factorily account  for  the  northeast-southwest 
oriented  pattern  of  left-lateral  faults  east  of  the 
Juan  de  Fuca  ridge.  The  present  structural  con- 
figuration of  the  area  can,  however,  be  explained 
by  the  following  sequence: 

1.  Originally,  the  Juan  de  Fuca  and  Gorda 
ridges  form  a  contmuous  north-south  trending 
structure. 

2.  A  pattern  of  northwest-southeast  oriented 
zones  of  weakness  develops. 

3.  Clockwise  rotation  of  crustal  blocks  to  the 
north  of  F,  proauces  (or  is  accompanied  by) 
left-lateral  movement  along  F,  and  development 
of  the  northeast-southwest  oriented  fault  pat- 
tern east  of  the  Juan  ae  Fuca  ridge  (Fa,  Fa, 
andFJ. 

4.  Continuing  left-lateral  movement  along  F, 
induces  left-lateral  displacement  along  fault  Fa, 
subsequently  along  F3,  and  finally  along  F4. 

During  the  relative  eastward  movement  of  the 
Gorda  block,  a  250-km  section  of  the  original 
ridge  crest  was  progressively  destroyed.  The  F, 
fault  system  was  compressed  into  the  present 
Blanco  fracture  zone,  and  the  leading  edge  of  the 
Gorda  block  was  compressed  in  the  north- 
south  direction,  producing  distortions  of  the 
anomaly  lineations. 

On  the  basis  of  the  anomalous  structural 
pattern  of  the  area  and  its  similarities  to  struc- 
tural trends  observed  in  the  adjacent  continental 
areas,  it  is  reasonable  to  suggest  that  the  present 
configuration  is  related  to  the  late  Tertiary 
coastal  orogeny,  which  in  turn  may  be  asso- 
ciated with  renewed  tectonic  activity  of  the  East 
Pacific  rise.  In  particular,  tlie  inferred  right- 


lateral  motion  of  the  Gorda  block  along  the 
l\Tendocino  fracture  zone  agrees  with  motion 
along  the  San  Andreas  fault  system. 

This  interpretation,  offered  as  an  alternative 
explanation  for  the  existence  of  the  Juan  de 
Fuca  and  Gorda  ridges  and  the  associated  fault 
pattern,  is  independent  of  transform  faulting. 
Once  initial  displacement  has  taken  place,  how- 
ever, active  growth  of  the  individual  ridges 
would  produce  relative  motion  that  is  in  accord 
with  the  transform-fault  relationship.  Present- 
day  transform-fault  motion  along  the  Blanco 
fracture  zone,  as  confirmed  by  the  recent  work 
of  Tobin  and  Sijkes  [1968],  cannot  be  taken  as 
proof  that  the  offsets  were  not  originally  pro- 
duced by  transcurrent  taults. 
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ABSTRACT 


A  field  of  "lower  continental  rise  hills"  situated  on  the  seaward  flank  of  the  Hatteras  Outer  Ridge  was 
investigated  with  a  grid  of  bathymetric  profiles,  a  continuous  seismic  reflection  profile,  and  short  (1.2  m) 
gravity  cores. 

Throughout  the  field  investigated  the  lower  continental  rise  hills  are  not  isolated  "hills"  but  rather  are 
linear  waveforms  with  fairly  regular  distribution  and  orientation.  The  waveform  parameters  are  as  follows: 
trough-to-trough  wavelength  between  3  and  12  km,  trough-to-peak  amplitude  between  10  and  100  m,  crestal 
lengths  of  tens  of  kilometers  trending  NW-SE,  asymmetric  with  steeper  limb  facing  SW.  Core  samples  re- 
covered from  the  hills  contain  lutite  and  clay.  The  NW-SE  crestal  orientation  and  morpiiological  similarity 
of  these  linear  lower  continental  rise  hills  to  megaripples  or  dunes  are  evidence  that  their  development  is 
related  to  deposition  controlled  by  the  deep  Western  IBoundary  Undercurrent,  which  flows  southwest  over 
the  continental  rise. 

The  waveforms  may  extend  down  to  reflection  horizon  A  (Late  Cretaceous-Eocene).  The  similarity  of  the 
waveforms  to  megaripples  that  extend  continuously  from  horizon  A  to  the  present  ocean  bottom  in  the  Argen- 
tine Basin  implies  that  the  North  and  South  Atlantic  have  been  open  and  intercommunicating  at  least  since 
the  initiation  of  the  waveforms. 


INTKODUCTION 

The  "lower  continental  rise  hills"  constitute  a 
physiographic  province  that  occupies  the  lower- 
most continental  rise  from  the  mouth  of  the 
Hatteras  Canyon  System  northeastward  to  the 
Bermuda  Rise — Hatteras  Abyssal  Plain  bound- 
ary (Heezen  and  others,  1959).  A  relatively  de- 
tailed investigation  was  carried  out  of  the  lower 
continental  rise  hills  at  the  southern  end  of  the 
physiographic  province  (figs.  1  and  2).  The  in- 
vestigation, based  on  a  fine-grained  grid  of 
bathymetric  profiles  (figs.  2  and  3),  a  continuous 
seismic  reflection  profile  (fig.  4),  and  sediment 
cores  (table  1),  attempts  to  delineate  the  mor- 
phology, orientation,  spacing,  and  composition 
of  the  hills  within  a  limited  area.  A  three-dimen- 
sional reconstruction  from  these  data  would  help 
to  elucidate  processes  in  the  development  of  the 
hills. 

On  the  basis  of  their  orientations,  Rona, 
Schneider,  and  Heezen  (1967)  differentiated 
primary  morphologic  features  of  the  continental 
rise  off  Cape  Hatteras  into  two  sets  (fig.  1). 
The  first  set  is  comprised  of  features  oriented 
nearly  perpendicular  to  regional  isobaths  and 
includes  Hatteras  and  Pamlico  canyons.  The 
second  set  consists  of  features  that  arc  oriented 
nearly  parallel  to  regional  isobaths  and  includes 
Hatteras     Transverse     Canyon     and     Hatteras 

'  Manuscript  received  October  22,  1968 ;  revised 
February  19,  1969. 

'Present  address:  ESSA  .^tlnntic  Oceanographic 
Laboratories,  901  South  Miami  Ave.,  Miami,  Florida. 


Outer  Ridge.  Features  of  the  second  set  are 
nearly  perpendicular  (transverse)  to  the  first 
set.  On  the  basis  of  orientation,  the  authors  in- 
ferred that  the  development  of  the  first  set  of 
features  was  related  to  the  downslope  flow  of 
turbidity  currents,  and  that  the  development  of 
the  second  set  was  related  to  deposition  con- 
trolled by  the  flow  of  the  Western  Boundary 
Undercurrent  parallel  to  the  continental  margin. 

LOWER   CONTINENTAL  RISE   HILLS 
Ol'F   CAPE   HATTERAS 

The  lower  continental  rise  hills  investigated 
constitute  a  field  of  secondary  morphological 
features  located  on  the  seaward  flank  of  the 
Hatteras  Outer  Ridge  between  the  4700  m  and 
5300  m  isobaths  (fig.  1).  The  detailed  bathyme- 
tric chart  (fig.  2)  reveals  that  within  the  area 
investigated  the  lower  continental  rise  hills  are 
not  circular  in  plan  view  but  are  elongate.  The 
hills  extend  NW-SE  as  downslopc-pointing  fin- 
gers nearly  perpendicular  to  the  a.xis  of  the 
Hatteras  Outer  Ridge.  The  fingers  delineating 
the  hills  gradually  broaden  and  disappear  to  the 
SE  on  the  margin  of  the  Hatteras  Abyssal 
Plain.  The  fingers  abruptly  end  to  the  SW  about 
25  km  from  the  channel  where  the  Hatteras 
Canyon  Svstem  joins  the  Hatteras  Abvssal 
Plain. 

The  hills  with  intor\ening  depressions  resem- 
ble asymmetrical  waveforms  in  individual  bathy- 
metric profiles;  the  hills  correspond  to  peaks 
and  the  intervening  depressions  to  troughs  (fig. 
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Fig.  1. — Bathymetric  chart  of  the  continental  rise  off  Cape  Hatteras  revised  from  Rona,  Schneider,  and 
Heezen  (1967).  The  area  outlined  on  the  lower  continental  rise  is  revised  on  the  basis  of  the  present  de- 
tailed investigation.  Sounding  tracks  are  indicated  by  stippled  lines.  Basic  isobath  interval  is  100  m.  Soundings 
are  corrected  for  velocity    (Matthews,  1939,  area  14),  and  ship's  draft  (3  m). 


5).  In  order  to  facilitate  visualizing  the  relation 
between  these  waveforms,  the  bathymetric  pro- 
files were  assembled  along  sounding  tracks  (fig. 
3).  It  is  apparent  that  the  wavelength  and  am- 
plitude of  the  waveforms  vary  along  individual 
tracks  and  between  adjacent  tracks.  To  charac- 
terize this  variation,  the  wave  index  of  each 
distinct  waveform  was  measured  (ratio  of 
trough-to-trough  wavelength  to  peak-to-trough 
amplitude).  The  wave  indices  are  presented 
next  to  the  position  of  corresponding  peaks  in 
figure  6. 

The    following  observations   on   the   distribu- 


tion, magnitude,  morphology,  and  orientation  of 
the  waveforms  in  the  field  investigated  are  de- 
rived from  figures  3  and  6 : 

1.  Waveforms  are  not  evenly  distributed 
throughout  the  field.  The  spacing  of  distinct 
waveforms  is  closest  in  the  northern  half  of  the 
field,  in  particular  the  north-central  section,  and 
widens  toward  the  mouth  of  the  Hatteras  Can- 
yon System  and  the  Hatteras  Abyssal  Plain. 

2.  The  wave  indices  vary  least  in  the  north- 
central  section  of  the  field ;  that  is,  the  wave- 
forms are  most  regularly  developed. 

3.  The    wavelength    of    distinct    waveforms 
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Fig,  2. — Enlargement  of  area  of  detailed  investigation  from  fig.  1.  Thick  isobaths  at  100  m  intervals. 
Thin  isobaths  at  25  m  intervals.  Sediment  cores  1-9  are  circled. 


ranges  between  3  and  12  km  with  a  mean  of  5.6 
km. 

4.  The  amplitude  of  distinct  waveforms 
ranges  between  10  and  110  m  with  a  mean  of  43 
m. 

5.  The  waveforms  are  asymmetrical.  The 
southwest-facing  limbs  with  inclinations  of  sev- 
eral degrees  are  nearly  twice  as  steep  as  the 
northeast-facing  limbs.  The  troughs  tend  to  be 
flat  rather  than  concave  upward. 

6.  The  waveforms  are  more  distinct  along 
sounding  tracks  with  N-S  than  E-W  compo- 
nents. It  is  inferred  that  the  former  tracks  are 
more  nearly  perpendicular  to  the  axes  of  the 
waveforms  than  the  latter  tracks. 

To  determine  the  axial  continuity  of  wave- 
forms the  bathymetric  profiles  (fig.  3)  were 
traced  on  transparent  mylar,  and  adjacent  pro- 
files were  superimposed.  The  degree  of  cross 
correlation  between  sequences  of  waveforms  on 
adjacent  profiles  was  evaluated  visually.  Tenta- 
tive correlations  between  peaks  are  shown  with 
dashed  lines  on  figure  3.  Sequences  of  wave- 
forms were  observed  to  vary  within  several  ki- 
lometers of  separation.  The  greatest  distance 
over  which  sequences  of  waveforms  could  be 
tentatively  correlated  is  about  20  km  in  the  case 
of  the  distinct  waveforms  of  the  north-central 


and  northwest  sections  of  the  field.  Correlations 
through  distances  greater  than  20  km  are  con- 
sidered unreliable.  This  indicates  that  the  linear 
lower  continental  rise  hills  vary  in  shape  and 
spacing  through  several  kilometers,  although 
the  crestal  lengths  of  certain  hills  may  be  as 
long  as  or  longer  than  20  km. 

If  the  correlations  between  peaks  are  accu- 
rate, then  the  axial  azimuth  of  the  peaks  curves 
continuously  between  100°  and  170°.  The  most 
reliable  segment  between  transverses  about  20 
km  apart  trends  120°  ±  5°.^  The  axial  azimuths 
derived  from  cross  correlation  of  sequences  of 
waveforms  on  adjacent  bathymetric  profiles  are 
consistent  with  the  more  general  trends  derived 
from  bottom  isobaths  (fig.  2)  and  the  shape  of 
the  waveforms.  Investigation  of  the  waveforms 
with  a  deep-towed  lateral  echo-sounder  would 
provide  more  precise  information  on  their  axial 
lengths,  siiuiosity,  and  orientation. 

A    contimious   seismic    reflection    profile    was 

'  An  azimuth  error  of  ±5°  between  peaks  on  two 
parallel  traverses  20  km  apart  results  from  a  naviga- 
tion inaccuracy  of  —1  km.  .\  considerably  greater 
azinuitli  error  between  poiiUs  on  two  intersecting  tra- 
verses results  from  the  same  navigational  inaccuracy; 
however,  this  latter  error  was  minimized  by  adjust- 
ing intersections  for  agreement  in  depth. 
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Core 
number 


Latitude  Longitude 


Length 
cm 


Predominant 

particle 

size 


Colorf 


Comment 


249-1 

249-2 
249-3 

249-4 

249-5 

249-6 


33°19.0'N  72°09.5'W  79.2 

33°24.0'N  72°06.5'W  96.8 

33°2S.O'N  72°07.5'W  87.0 

33°42.5'N  72°05.5'W  23.5 

33°42.0'N  72°05.0'\V  93.8 

33°50.5'N  7r58.5'W  80.6 


Lutitet      dark  yellowish 
brown  10YR4/2 


249-7 


249-8 


33°50.5'N        71°58.5'W  75.0 


33°50.5'N        7r58.5'W  62.5 


Lutite 

as  above 

Lutite 

mottled 
10YR4/2  and 
10YR5/4 

Lutite 

moderate 
yellowish  t 
10YR5/4 

)rown 

Lutite 

mottled 
10YR4/2  ; 
10YR5/4 

ind 

Lutite 

10YR5/4 

Terminates  in  about   10 
cm      of      clay,      light 
olive  gray  (5Y5/2)  rel- 
atively compact,  plas- 
tic, sticky,  dense   (1.6 
g  cm"'  wet  bulk  den- 
sity) 

Lutite 

mottled 
10YR4/2  ; 
10YR5/4 

ind 

Same  as  above 

Lutite         10YR4/2 


Terminates  in  about  5  cm 
of  clay,  light  olive 
gray  (5T5/2)  relatively 
compact,  plastic,  sticky, 
dense  (1.6  g  cm"'  wet 
bulk  density) 


249-9 


33°37.0'N        72°07.0'W  101.5 


Lutite 


mottled 
10YR4/2  and 
10YR5/4 


*  Benthos  cable-free  core:  core  liner  1.2  m  long,  6.3  cm  inner  diameter  (Bowen  and  Sachs,  1964). 

t  Color  designations  were  made  on  wet  sediment  according  to  Rock  Color  Chart,  1953,  Geol.  Soc.  Amer. 

t  Silt  and  clay  sized  particles. 


run  along  azimuth  215°  for  65  km  across  the 
field  of  lower  continental  rise  hills  nearly  per- 
pendicular to  the  hill  axes  (figs.  2  and  4).  The 
low  frequency  (50-150  Hz),  narrow  bandwidth 
(100  Hz),  long  duration  (0.01  sec),  and  bubble 
pulse  of  the  pneumatic  sound  source  were  un- 
suitable to  resolve  adequately  the  interior  of  the 
waveforms.  The  profile   reveals  the   following: 

1.  The  waveforms  are  underlain  to  at  least 
0.1  sec  (~100  m)  subbottom  by  reflection  in- 
terfaces (sedimentary  strata)  which  generally 
parallel  the  sediment-water  interface.  Certain 
strata  appear  to  truncate  against  the  SW  limb 
of  the  waveforms. 

2.  The  troughs  between  peaks  are  filled  with 
horizontally  stratified  sediment  to  at  least  0.5 
sec  (~50  m)  subbottom,  which  accounts  for 
the  flat  floor  of  the  troughs.  The  amplitude  of 
the    waveforms    thus    are    diminished    by    an 


amount    equal    to    the    sedimentary    fill    in    the 
troughs. 

3.  An  interval  of  transaural  sediment  is  pres- 
ent between  about  0.1  sec  (~100  m)  and  0.65 
sec  (~650m)  subbottom. 

4.  A  series  of  reflection  interfaces  between 
about  0.65  sec  (650  m)  and  0.90  sec  (900  m) 
subbottom  probably  corresponds  to  sedimentary 
strata  at  or  just  above  reflection  horizon  A, 
which  has  been  dated  as  Late  Cretaceous  or 
Early  Cenozoic  (Ewing  and  others,  1966).  The 
subbottom  series  of  strata  exhibits  nearly  paral- 
lel waveforms  with  wavelengths  of  about  10  km 
and  amplitudes  of  about  20  m  (0.02  sec).  The 
crests  and  troughs  of  the  subbottom  waveforms 
are  in  phase  with  those  of  the  overlying  wave- 
forms on  the  surface  of  the  continental  rise 
(fig.  7). 

The  field  of  lower  continental  rise  hills  was 
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Fig.  3. — Bathymetric  profiles  constructed  relative  to  ship's  sounding  tracks  which  represent  a  depth  of 
5200  m  below  sea  level  on  the  vertical  scale  shown.  Peaks  on  the  bathmetric  profiles  are  tentatively  correlated 
with  dashed  lines. 


sampled  with  nine  cable-free  gravity  cores  1.2 
m  long.  Core  locations  are  spotted  on  figure  2 
and  the  information  summarized  in  table  1.  All 
of  the  sediment  sampled  was  lutite  (silt  and  clay 
sized  particles)  and  clay. 

PROCESS   OF   FORMATION 

Ballard  (1967)  has  interpreted  the  lower  con- 
tinental rise  hills  as  gravitational  glide  blocks. 
As  an  example  he  shows  a  bathymetric  chart  of 
a  portion  of  the  lower  continental  rise  hills, 
with  elongate  axes  trending  generally  E-W  ad- 
jacent to  the  abyssal  gap  between  the  Hatteras 
and  Sohm  abyssal  plains.  Regional  isobaths  of 
the  lower  continental  rise  on  which  the  hills  are 
situated  trend  NE-SW.  The  discrepancy  in  di- 
rection between  the  regional  isobaths  and  the 
axes  of  hills  appears  to  be  inconsistent  with  the 
interpretation  of  the  hills  as  gravitational  glide 
blocks,  for  as  glide  blocks  their  axes  would  be 
expected  to  trend  more  nearly  parallel  to  re- 
gional isobaths. 

The  process  of  formation  of  the  field  of  lower 
continental  rise  hills  investigated  may  be  partly 
inferred  from  the  configuration  of  the  hills  and 


associated  features.  The  field  is  superimposed 
on  the  Hatteras  Outer  Ridge ;  Rona  and  Clay 
(1967)  inferred  from  continuous  seismic  reflec- 
tion profiles  that  this  feature  was  initiated  as  a 
gentle  fold  by  massive  gravitational  gliding  of 
previously  deposited  continental  rise  strata. 
Subsequently,  the  Hatteras  Outer  Ridge  has 
been  shaped  by  deposition  controlled  by  the 
Western  Boundary  Undercurrent  (Rona  and 
others,  1967).  According  to  Heczen  and  others 
(1966)  the  deposition  of  the  entire  continental 
rise  may  have  been  controlled  by  the  \\'estern 
Boundary  Undercurrent  which  flows  southwest 
over  the  continental  rise.  Near  bottom  current 
velocities  up  to  about  20  cm  sec*  have  been 
measured  east  and  southeast  of  Cape  Hatteras 
and  cast  of  Cape  Cod  (Swallow  and  Worthing- 
ton.  1961;  Barrett,  1964:  Volkman,  1962).  The 
measured  velocities  are  competent  to  transport 
sediment  sizes  generally  found  on  the  continen- 
tal rise  (Heezen  and  Hollister.  1964).  The  ef- 
fects of  a  swift  southwesterly  current  in  the 
area  of  the  lower  continental  rise  hills  were  ob- 
served on  compass-oriented  sea-floor  photo- 
graphs, echograms,  and  sediment  cores  by 
Schneider  and  others  (1967). 
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Fig.  4. — Continuous  seismic  reflection  profile  of 
waveforms  on  the  lower  continental  rise  and  a  line 
drawing  from  the  profile.  The  location  of  the  pro- 
file is  shown  on  fig.  2  (longer  of  two  parallel  lines). 
The  relatively  low  frequency  range  of  the  pneumatic 
sound  source  (50-150  Hz)  provides  acoustic  penetra- 
tion at  the  expense  of  high  resolution. 


The  NW-SE  axial  trend  of  the  field  of  lower 
continental  rise  hills  is  nearly  perpendicular  to 
the  axis  of  the  Hatteras  Outer  Ridge.  The  axial 
trend  of  the  hills  is  inconsistent  with  develop- 
ment as  folds  or  blocks  formed  by  gravitational 
gliding  or  by  slumping  movements  of  continen- 
tal rise  strata.  The  orientation  of  the  hills,  their 
asymmetric  waveform,  and  their  fairly  regular 
distribution  over  the  field  are  best  explained  as 
the  product  of  deep  currents.  Was  the  orienta- 
tion of  such  currents  parallel  or  perpendicular 
to  the  axes  of  the  waveforms?  The  finger-like 
distribution  of  the  waveforms  pointing  down- 
slope  may  suggest  some  type  of  downslope  flow 
parallel  to  their  axes.  Turbidity  currents  which 


flow  downslope  are  not  known  to  produce  such 
waveforms  and,  in  any  case,  would  have  been 
blocked  by  the  crest  of  the  Hatteras  Outer 
Ridge.  It  is  considered  more  likely  that  the  de- 
velopment of  the  waveforms  is  related  to  an 
oceanic  current  flowing  perpendicular  to  their 
axes.  Is  the  water  motion  oscillatory  or  unidi- 
rectional ?  Equal  oscillatory  water  motions  such 
as  generated  by  the  passage  of  a  gravity  wave 
train  would  produce  symmetrical  waveforms  in 
bottom  sediments.  The  asymmetry  of  the  wave- 
forms indicates  that  they  were  produced  by  a 
unidirectional  current  flowing  nearly  perpendic- 
ular to  their  axes.  By  analogy  with  ripple  marks 
and  dunes,  the  steeper  limb  faces  downcurrent 
(Bucher,  1919).  Therefore,  the  current  must 
have  had  a  southwesterly  flow  direction.  The 
only  known  present  current  in  the  area  which 
fits  these  specifications  is  the  Western  Boundary 
Undercurrent. 

A  difference  in  scale  exists  between  the  linear 
lower  continental  rise  hills  and  other  sedimen- 
tary waveforms  observed  in  nature.  The  wave- 
lengths of  the  linear  hills  are  greater  than,  and 
the  amplitudes  are  comparable  to  certain  terres- 
trial dunes  (Bagnold,  1941)  and  large  subma- 
rine sand  waves  (Jordan,  1962;  Clay  and  Rona, 
1964).  The  linear  hills  are  larger  than  current 
ripple  marks  (Bucher,  1919)  by  several  orders 
of  magnitude. 

The  formation  and  development  of  ripple 
marks  in  cohesionless  sediment  (sand)  have 
been  observed  in  flumes  (Gilbert,  1914).  A  uni- 
directional current  flow  over  a  sandy  bottom 
will  cause  rearrangement  of  the  particles  in 
definite  phases  as  a  function  of  increasing  rate 
of  fluid  discharge  as  follows  : 

1.  Threshold  of  grain  movement. 

2.  Formation  of  sand  ripples  and  migration 
of  ripple  forms  downcurrent,  by  grain  move- 
ment up  the  gentle  upstream  face  of  the  ripple 
and  deposition  on  the  steeper  lee  face. 

3.  Disappearance  of  ripples  and  shear  flow 
over  a  smooth  bottom. 

4.  Formation  of  nearly  sinusoidal  sand  waves 
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Fig.  5. — Bathymetric  profile  of  waveforms  on  the  lower  continental  rise.  The  location  of  the  profile  is 

shown  on  fig.  2  (shorter  of  two  parallel  lines). 
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Fig.  6. — Wave  indices   (ratios  of  trough-to-trough  wavelengths  to  peak-to-trough  amphtudes  in  meters) 
at  prominent  peaks  along  the  sounding  tracks  shown  in  fig.  3. 


and  movement  upcurrent,  by  erosion  of  sand  on 
the  lee  face  and  deposition  on  the  upstream  face 
of  each  succeeding  wave  crest. 

The  development  of  ripples  in  cohesive  sedi- 
ment has  been  less  adequately  observed,  and  the 
processes  may  be  dififerent  from  those  affecting 
cohesionless  sediment  (van  Straaten,  1951).  The 
development  of  the  linear  continental  rise  hills 
composed  of  cohesive  sediment  (lutite  and 
clay)  may  be  related  to  sediment  fallout  from 
volume  suspension,  rather  than  to  the  rear- 
rangement of  sediment  which  has  already  been 
deposited.  Nephelometer  measurements  by 
Ewing  and  Thorndike  (1965)  revealed  that  a 
layer  of  suspended  matter  a  few  hundred  meters 
thick  exists  adjacent  to  the  bottom  along  the 
continental  slope  of  the  United  States.  Sus- 
pended sediment  has  been  obtained  in  a  near- 
bottom  water  sample  collected  over  the  con- 
tinental rise  (Groot  and  Ewing,  1963).  A  single 
bottom  photograph  taken  in  the  southwestern 
end  of  the  field  investigated  revealed  slightly 
muddy  water  (Schneider  and  others,  1967,  fig.  1, 
?>2,°  08'  N,  71°  30' W). 

It  is  not  known  how  the  linear  hills  wore  ini- 
tiated. The  process  by  which  suspended  sedi- 
ment may  be  deposited   or   redeposited   on  the 


linear  hills  is  problematic.  On  the  scale  of  ripple 
marks  Sanders  (1965,  p.  203)  observes  that 
where  fine-grained  sediment  fallout  occurs, 
"layers  of  finer-grained  sediment  tend  to  be 
thicker  on  anticlines  of  convoluted  laminae  and 
to  be  thinner  or  absent  in  the  adjoining  syn- 
clines.    This    arrangement    of    the    fine-grained 
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Fig  7. — The  undulations  in  the  suhhottom  retlec- 
tiou  intiTtacc  at  about  7.75  sec  two-way  travel  time 
(.ilashod  line)  may  be  attributeil  to  a  seismic  velocity 
ctToct  produced  by  the  overlying  topographic  hills  as 
discussed  in  the  text   (traced  from  fig.  4). 
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sediment  suggests  that  some  kind  of  plastering- 
on  mechanism  has  operated  during  sedimenta- 
tion and  that  no  subsequent  reworking  has  oc- 
curred." A  more  rapid  rate  of  sediment  accumu- 
lation on  the  upcurrent  limb  of  the  waveforms 
would  result  in  a  migration  of  the  entire  field  of 
waveforms  in  an  upcurrent  direction,  in  oppo- 
sition to  the  generally  downcurrent  migration 
observed  in  ripples  and  dunes  constructed  of 
cohesionless  materials.  Equal  rates  of  sediment 
accumulation  on  the  upcurrent  and  downcurrent 
limbs  of  the  waveforms  would  result  in  upbuild- 
ing. A  more  rapid  rate  of  sedimentation  on  the 
downcurrent  limb  would  result  in  migration  of 
the  entire  field  of  waveforms  in  a  downcurrent 
direction.  Ichiye  (1968)  has  suggested  that  sta- 
tionary internal  waves  in  a  near  bottom  nephe- 
loid  layer  superposed  on  a  slow  bottom  current 
may  augment  sedimentary  waveforms  migrating 
in  the  direction  of  the  current.  The  internal 
structure  of  the  waveforms  is  not  resolved  well 
enough  on  the  seismic  profile  to  determine 
whether  the  stratification  thickens  on  the  upcur- 
rent or  the  downcurrent  limb.  Such  internal 
stratification  could  probably  be  resolved  by 
drifting  a  ship  operating  a  3.5  kHz  echo 
sounder  over  the  field  of  waveforms.  Fox  and 
others  (1968;  fig.  3)  show  a  N-S  sparker  re- 
flection profile  across  two  lower  continental  rise 
hills  about  200  km  northeast  of  the  field  investi- 
gated;  each  hill  is  underlain  to  about  400  m  (0.4 
sec)  subbottom  by  a  sequence  of  hill-shaped  re- 
flection interfaces  in  which  the  crests  of  the 
hills  appear  to  progressively  shift  from  south  to 
north  from  bottom  to  top  of  the  sequence. 
These  reflection  interfaces  appear  to  terminate 
at  the  southern  flank  of  each  hill.  Fox  and  oth- 
ers interpret  the  configuration  of  reflection  in- 
terfaces to  indicate  a  continuous  northerly  and 
upslope  migration  of  the  hill  crests  through 
time,  produced  by  deposition  controlled  by  the 
deep  Western  Boundary  Undercurrent  flowing 
southwest  oblique  to  the  crestal  orientation  of 
the  hills.  Lowrie  and  Heezen  (1967)  observed  a 
thickening  of  sedimentary  layers  on  the  upcur- 
rent side  of  a  knoll  on  the  continental  rise  near 
Hudson  Canyon.  They  attributed  this  thickening 
to  deposition  resulting  from  deceleration  of  the 
Western  Boundary  Undercurrent  upcurrent  of 
the  obstructing  knoll.  Fox  et  al.  (1968)  apply 
the  term  "abyssal  antidunes"  to  the  lower  con- 
tinental rise  hills  because  of  the  inferred  mode 
of  development. 

The  field  of  lower  continental  rise  hills  inves- 
tigated may  be  representative  of  lower  conti- 
nental rise  hills  throughout  large  areas.  Large 
abyssal  waveforms  have  been  observed  in  the 
western  north  Atlantic  in  the  Blake-Bahama 
Basin  (Clay  and  Rona,  1964),  on  the  Blake-Ba- 


hama Outer  Ridge  (Zarudzski,  1966),  the  Ber- 
muda Rise-Sohm  Abyssal  Plain  boundary,  and 
the  Bermuda  Rise-Hatteras  Abyssal  Plain 
boundary  (Fox  and  others,  1968).  Fox  and  oth- 
ers report  that  continental  rise  hills  correspond- 
ing to  the  description  in  the  present  investiga- 
tion extend  from  the  Hatteras  Canyon  north- 
eastward to  the  Bermuda  Rise-Sohm  Abyssal 
Plain  boundary,  covering  an  area  of  about 
32,000  km2  (520  km  long  and  64-128  km  wide) 
and  ranging  in  depth  between  about  4500  m 
(NW  boundary)   and  5300  m   (SE  boundary). 

The  development  in  time  of  the  lower  con- 
tinental rise  hills  may  be  partly  inferred  from 
the  seismic  profile  (fig.  4).  At  present  the  rate 
of  sediment  accumulation  in  the  troughs  ap- 
pears to  be  greater  than  on  the  peaks,  so  that 
the  peaks  are  gradually  being  buried.  Sedimen- 
tation rates  measured  on  adjacent  portions  of 
the  continental  rise  may  be  applied  to  the  con- 
tinental rise  hills  with  the  realization  that  spe- 
cial hydrodynamic  conditions  exist  over  the  hills 
which  could  significantly  alter  the  rates.  The 
sediment  fill  about  50-m  thick  observed  in  the 
troughs  would  require  at  most  about  3.5  X  10® 
years  to  accumulate,  based  on  the  lowest  ad- 
jacent continental  rise  sedimentation  rates 
(Ericson  and  others,  1961;  Turekian,  1964). 
The  hills  are  visible  as  waveforms  to  at  least 
0.1  sec  (100  m)  subbottom,  which  represents  at 
most  about  7  X  10''  years  of  accumulation.  As- 
suming that  the  hills  began  to  develop  after 
deposition  of  horizon  A  as  an  abyssal  plain  about 
70  X  lO*'  years  ago,  then  the  mean  rate  of  sedi- 
ment accumulation  at  the  site  of  figure  4  would 
be  about  1  cm  per  10^  years. 

The  rate  of  development  of  the  lower  conti- 
nental rise  hills  is  probably  not  uniform.  The  hills 
may  be  relict,  having  been  formed  under  a  pre- 
vious sedimentary  regime.  The  most  rapid  de- 
velopment of  the  hills  might  be  expected  during 
episodes  of  accelerated  deep  oceanic  thermo- 
haline  circulation  and  large  input  of  suspended 
sediment,  such  as  at  times  of  maximum  global 
climatic  contrast  and  lowered  sea  levels  during 
the  Pleistocene  Epoch.  The  dense  cold  waters 
which  drive  the  Western  Boundary  Undercur- 
rent originate  in  the  Arctic  seas.  Therefore, 
the  existence  of  the  Western  Boundary  Under- 
current requires  open  seas  between  North  Amer- 
ica, Greenland,  and  northern  Europe.  The  initi- 
ation of  the  lower  continental  rise  hills  may  be 
related  to  the  initiation  of  conditions  favorable 
to  thermohaline  circulation  about  60-70  X  10* 
years  ago  when  Norway  and  Baffin  Island  are 
inferred  to  have  started  to  move  from  Green- 
land (Avery  and  others,  1968)  and  wide  open- 
ing of  the  northern  North  Atlantic  is  supposed 
to  have  begun. 


1140 


PETER  A.  RONA 


The  sequence  of  undnlatory  reflection  inter- 
faces between  al)out  650  m  (0.65  sec)  and  900 
m  (0.90  sec)  subbottom  at  or  just  above  horizon 
A  (fig.  4)  at  first  appears  to  be  buried  wave- 
forms analogous  to  the  present  lower  continen- 
tal rise  hills.  However,  the  subbottom  undnla- 
tory reflection  interfaces  may  be  attributed  sim- 
ply to  a  seismic  velocity  efl^ect.  From  figure  7  it 
is  apparent  that  the  reflection  times  of  signals 
from  the  subljottom  undulations  are  less  under 
topographic  peaks  and  greater  under  topo- 
graphic troughs.  The  decrease  in  travel  time  is 
due  to  the  increased  length  of  sediment  travel 
time  through  the  topographic  peaks,  relative  to 
the  travel  time  through  the  adjacent  water  filled 
troughs. 

The  variations  in  travel  time  that  produced 
the  subbottom  imdulations  may  be  related  to  the 
topographic  waveforms  as  follows: 


t2  = 


ti, 


where  /i  =  peak-to-trough  amplitude  of  topo- 
graphic waveform  in  two-way  travel  time;  ti 
=  peak-to-trough  amplitude  of  underlying  sub- 
bottom  waveform  in  two-way  travel  time;  l',„ 
=  mean  vertical  seismic  velocity  through  water 
within  the  interval  t\\  Fj  =  mean  vertical  seismic 
velocity  through  sediment  within  the  interval  t\. 

If  Vw  is  taken  as  1.5  km  sec"^  and  Vg  as  2.0 
km  sec^^  from  calculated  values  nearby  (Rona 
and  Clay,  1967),  then  the  undulating  subbottom 
interface  may  be  corrected  to  a  nearly  planar 
interface. 

The  configuration  and  scale  of  the  lower  con- 
tinental rise  hills  are  strikingly  similar  to  that 
of  megaripples  discovered  by  Ewing  and  others 
(1968)  in  the  Argentine  Basin.  The  megarip- 
ples extend  continuously  from  reflection  horizon 
A  about  1  km  (1  sec)  below  the  bottom  up  to 
the  present  sea  floor.  Ewing  and  others  inferred 
that  the  megaripples  indicate  control  of  sedi- 
mentation in  the  South  Atlantic  by  the  same 
deep  circulation  system  dominated  by  the  strong 
Antarctic  Bottom  Current  since  deposition  of 
horizon  A.  The  observation  of  similar  wave- 
forms on  and  beneath  the  continental  rise  ofif 
Cape  Hatteras  implies  that  conditions  of  strong 
deep  circulation  prevailed  in  the  North  Atlantic 
simultaneously  with  the  South  Atlantic,  and 
that  the  entire  Atlantic  has  been  open  at  least 


since  the  co-development  of  the  waveforms.  Be- 
cause the  significance  of  the  interval  of  tran- 
saural  sediment  between  horizon  A  and  the 
lower  continental  rise  hills  off  Cape  Hatteras  is 
unknown,  it  cannot  be  ascertained  from  the 
seismic  data  (fig.  4j  whether  the  strong  deep 
circulation  was  continuous  from  the  deposition 
of  horizon  A  to  Recent  in  the  North  Atlantic. 
The  linear  lower  continental  rise  hills  composed 
of  lutite  which  is  transaural  at  the  low  frequen- 
cies of  the  seismic  source  used  probably  extend 
downward  to  Horizon  A  as  waveforms,  within 
the  transaural  interval. 

CONCLUSIONS 

The  lower  continental  rise  hills  investigated 
are  large  sedimentary  transverse  waveforms. 
The  hills  investigated  appear  to  be  representa- 
tive of  hills  described  from  the  entire  lower 
continental  rise  hills  physiographic  province  of 
the  western  north  Atlantic.  Based  on  their  cres- 
tal  orientation,  configuration,  and  sediment  size 
the  hills  are  inferred  to  have  been  produced  by 
deposition  controlled  by  a  deep  southwest  flow- 
ing ocean  current,  presently  the  Western 
Boundary  Undercurrent.  The  downward  extent 
and  configuration  of  the  hills  in  the  interval  of 
transaural  sediment  above  reflection  horizon  A 
provides  an  index  to  the  magnitude  and  direc- 
tion of  Cenozoic  deep  thcrmohalinc  circulation. 
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Comparison  of  Continental  Margins  of  Eastern  North  America  at 
Cape  Hatteras  and  Northwestern  Africa  at  Cap  Blanc' 
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Abstract  The  opposing  continental  margins  of  Cape 
Hatteras  and  Cop  Blanc  appear  broadly  symmetric  with 
respect  to  (1)  distribution  of  physiographic  provinces, 
with  the  exception  of  the  lower  continental  rise  hills 
which  have  not  been  observed  off  Cap  Blanc,  (2)  early 
and  middle  Paleozoic,  Mesozoic,  and  Cenozoic  stratigra- 
phic  frameworks,  (3)  late  Precambrian,  Paleozoic,  and 
Mesozoic  tectonic  frameworks,  with  certain  qualifications, 
and  (4)  certain  offshore  residual  magnetic  anomalies, 
including  a  positive  anomaly  associated  with  the  con- 
tinental shelf  edge  and  the  boundary  between  smooth 
and  rough  magnetic  fields.  The  third  point  must  be 
qualified  because  (a)  the  absence  of  late  Paleozoic  (post- 
Devonian)  strata  in  the  Mauritanides  fold  belt  of  north- 
west Africa,  as  opposed  to  their  involvement  in  the  Ap- 
palachian fold  belt  of  eastern  North  America,  limits 
resolution  of  the  respective  orogenic  movements  and  (b) 
the  existence  of  a  system  of  Triassic  fault-block  basins 
parallel  with  the  northwest  African  continental  margin, 
corresponding  to  the  system  in  eastern  North  America, 
has  not  been  well  documented. 

The  opposing  continental  margins  appear  broadly 
asymmetric  with  respect  to  Cenozoic  tectonic  frameworks. 
Sedimentary  strata  underlying  the  coastal  plain,  con- 
tinental terrace,  and  continental  rise  near  Cape  Hatteras 
are  predominantly  undeformed,  except  by  superficial 
gravitational  displacement  processes  acting  above  Hori- 
zon A  (Late  Cretaceous-Eocene).  Sedimentary  strata  un- 
derlying the  corresponding  physiographic  provinces  off 
Cap  Blanc  are  deformed  by  deep  structural  processes 
including  (I)  compressional  folding  related  to  Alpine 
diastrophism,  (2)  tensional  faulting  along  west-northwest 
fracture  trends,  coincident  with  eastward  projections  of 
fracture  zones  which  cross  the  Mid-Atlantic  Ridge,  and 
along  inferred  north-northeast  fracture  trends  which  re- 
gionally parallel  the  continental  margin,  (3)  volcanism, 
at  least  of  Oligocene  to  Holocene  age,  concentrated 
along  the  fracture  zones,  and  (4)  diapirism,  probably 
produced  by  rock  salt  deposits  beneath  the  continental 
terrace  and  continental  rise  correlative  with  late  Triassic 
and  Jurassic  evaporites  in  the  northwest  African  coastal 
basins. 

Mesozoic  and  Cenozoic  mean  rates  of  subsidence  and 
sequences  of  gross  lithology  generally  correlate  between 
the  opposing  continental  margins.  Similarities  in  the 
stratigraphic  records  of  the  opposing  continental  mar- 
gins and  the  adjacent  ocean  basin  indicate  that  the 
continental  margins  have  behaved  as  if  vertically,  as 
well   as   horizontally,  coupled   to  the  ocean   basin. 

Mesozoic  and  Cenozoic  mean  subsidence  rates  of  the 
opposing  continental  margins  (1-9  cm/ 1,000  year)  are 
about  10  of  inferred  mean  spreading  rates  of  the  in- 
tervening sea  floor  (1—4  cm/year).  The  mean  subsidence 
rates  vary  in  unison  with  the  independently  inferred 
mean  spreading  rotes,  to  a  first  approximation.  The 
limited  data  suggest  that  the  epeirogenic  subsidence  of 
the  opposing  continental  margins  and  the  inferred 
spreading  of  the  intervening  sea  fioor  are  related  ge- 
netically. 

The  apparent  symmetry  in  space  and  time  of  tensional 


rifling,  orogenic  compression,  and  epeirogenic  subsi- 
dence on  the  opposing  continental  margins  is  con- 
sistent with  a  hypothesis  of  sea-floor  spreading.  These 
findings  imply  that  geologic  conditions  relevant  to  the 
occurrence  of  petroleum  can  be  predicted  between  the 
opposing  continental   margins. 


Introduction^ 

Sections  of  the  continental  margins  of  east- 
ern North  America  and  northwestern  Africa 
were  chosen  for  comparison  because  these  two 
continental  margins  are  associated  in  pre- 
continental-drift      reconstructions      (Wegener, 

'Manuscript  received,  June  18,  1969;  accepted,  Oc- 
tober 13,  1969.  Read  before  the  Association  at  Dallas, 
Texas,  April  16,  1969.  Hudson  Laboratories  of  Colum- 
bia University  Contribution  No.  358. 

-  ESSA  Atlantic  Oceanographic  and  Meteorological 
Laboratories. 

'  This  paper  keynotes  the  planned  ESSA  Trans- 
Atlantic  Geophysical  Traverse  which  aims  to  establish 
a  standard  crustal  section  across  the  Atlantic  between 
Cape  Hatteras  and  Cap  Blanc  in  conjunction  with  the 
proposed  Trans-Atlantic  Extension  of  the  U.S.  Trans- 
continental Geophysical  Survey  of  the  International 
Upper  Mantle  Project. 

This  work  was  supported  by  the  Office  of  Naval  Re- 
search under  Contract  Nonr-266{84).  Reproduction  in 
whole  or  in  part  is  permitted  for  any  purpose  of  the 
United  States  Government. 

C.  Brier  contributed  to  the  design  of  the  seismic  re- 
flection profiling  system  and  was  responsible  for  engi- 
neering-at-sea;  J.  Smith  contributed  to  the  fabrication, 
preparation,  and  operation  of  the  electronic  instrumen- 
tation; T.  Farrell  and  H.  Mellace  designed  an  effective 
vehicle  for  the  pneumatic  sound  source  and  were  re- 
sponsible for  the  mechanical  engineering-at-sea;  and  J. 
Brakl  processed  the  magnetic  data. 

Conversations  with  A.  A.  Meyerhoff  of  The  Ameri- 
can Association  of  Petroleum  Geologists,  G.  E.  Ahbev 
and  M.  Lizotte  of  American  International  Oil  Com- 
pany, R.  O.  Mitchell  of  Planet  Oil  and  Mineral  Cor- 
poration, and  R.  E.  King  of  the  Woods  Hole  Oceano- 
graphic Institution  regarding  the  geologv  of  the  north- 
west African  continental  margin,  ami  with  G.  M. 
Friedman  of  Rensselaer  Polytechnic  Institute  regarding 
evaporite  deposition,  were  particularly  helpful.  W.  A. 
Oliver,  Jr.,  of  the  U.S.  Geological  Survey  advised  on 
the  Devonian  paleontologv. 

The  good  will  and  cooperation  of  Capt.  R.  E.  Sal- 
man and  the  othcers  and  crew  of  the  USNS  J.  W. 
Gihh.i  (T-AGOR-1)  made  the  time  at  sea  profitable 
and  pleasant. 

iy    1970.   The   American   Association  of   Petroleum   Geolo- 
gists. All  rights  reserved. 
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1929).  A  "fit"  at  the  two  continental  slopes 
(900  m  isobath)  places  Cape  Hatteras,  North 
Carolina,  opposite  Cap  Blanc,  Mauritania  (Bul- 
[ard  etal.,  1965). 

The  literature  on  the  Atlantic  continental 
margin  of  North  America,  including  the  Appa- 
lachian mountain  system,  is  extensive  (Drake, 
1965;  Drake  et  al,  1959,  1968;  Heezen  et  al, 
1959;  King,  1959;  Murray,  1961;  Uchupi  and 
Emery,  1967).  The  northwest  African  conti- 
nental margin,  including  the  Mauritanides 
mountain  system  (Fig.  1),  has  been  investi- 
gated less  extensively  (Heezen  et  al.,  1959; 
Reyre,  1966a;  Sougy,  1962). 

Findings  from  seismic  reflection  and  mag- 
netic profiles  of  the  northwest  African  conti- 
nental margin  between  the  Canary  and  Cape 
Verde  Islands  made  on  a  1968  cruise  of  the 
USNS  /.    W.   Gibbs  (Rona,   1968,    1969a,  b; 


Rona  et  al.,  1969)  combined  with  published 
work  support  a  preliminary  comparison  of  the 
structure  and  development  of  the  two  continen- 
tal margins  in  the  vicinities  of  Cape  Hatteras 
and  Cap  Blanc.  Geologic  symmetries  and 
asymmetries  should  help  to  elucidate  the  nature 
of  the  forces  which  have  acted  on  the  opposing 
continental  margins  and  should  aid  in  the  pre- 
diction of  conditions  favorable  to  the  occur- 
rence of  petroleum. 

This  comparison  is  limited  in  two  respects. 
First,  it  is  limited  geographically  to  the  oppos- 
ing continental  margins  in  the  vicinities  of 
Cape  Hatteras  and  Cap  Blanc.  Second,  it  is 
limited  geologically  to  my  offshore  seismic  re- 
flection and  magnetic  data  on  the  configuration 
of  the  sedimentary  layer  and  to  consideration 
of  the  regional  geology. 

The  purpose  of  the  comparison  is  to  distin- 
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Fig.  1. — Major  physiographic  and  structural  features  of  onshore  (Cohee,  1962;  King,  1959.  1964;  Querol, 
1966,  Fig.  5)  and  offshore  (Heezen  and  Tharp,  1968)  parts  of  continental  margins  of  eastern  North  America 
and  northwestern  Africa.  Locations  of  stratigraphic  sections  (Figs.  2,  5)  and  seismic  reflection  and  magnetic 
profiles  (Figs.  3,  4,  6-9)  are  shown. 


guish   broad   symmetries   and   asymmetries   in  Methods 

physiographic   provinces,    stratigraphic   frame-  The  seismic  profiles  were  made  with  a  pneu- 

works,  tectonic  frameworks,  offshore  residual  matic   sound   source    (J.   Ewing   and   Zaunere, 

magnetic  anomalies,   and  deformation  of  the  1964)  which  released  360  cm'^  of  air  at  pres- 

offshore  sedimentary  layer.  sures  of  100-140  bars  into  the  water.  Pulse  du- 
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ration  was  about  0.01  sec  and  center  frequency 
was  about  70  Hz  with  a  band  width  of  about 
100  Hz.  The  source  repeated  at  about  20-sec 
intervals,  giving  one  data  point  for  every  72  m 
of  lateral  translation  at  ship's  speed  of  7  knots 
(3.6  m/sec).  Two-way  travel  time  of  the 
acoustic  pulse  from  source  to  bottom  and  sub- 
bottom  reflection  interfaces  is  presented.  A 
mean  vertical  compressional  velocity  of  2.0  km 
sec^  is  assumed  to  convert  travel  time  through 
sediment  to  sediment  thickness;  1.5  km  sec^  is 
assumed  to  convert  travel  time  through  water 
to  water  depth.  The  magnetic  profiles  were 
made  with  a  proton  precession  magnetometer. 
Loran  A  and  C  were  used  to  navigate  off 
Cape  Hatteras.  Omega  in  conjunction  with 
celestial  navigation  was  used  off  Cap  Blanc. 
Fixes  were  plotted  at  least  twice  per  hour  with 
good  tracking  consistency.  Absolute  positional 
inaccuracies  up  to  about  ±  5  n.  mi  (9.3  km) 
were  indicated  by  comparison  of  Omega  fixes 
with  fixes  obtained  by  other  navigational  meth- 
ods (Zuccaro  and  Rona,  1968). 

Physiographic  Provinces 

The  distribution  of  physiographic  provinces 
of  the  Cape  Hatteras  and  Cap  Blanc  continen- 
tal margins  is  symmetric,  with  minor  excep- 
tions (Fig.  1,  Table  1).  The  lower  continental 
rise  hills  province  appears  to  be  absent  off  Cap 
Blanc.  The  position  of  the  Bermuda  Rise  off 
Cape  Hatteras  corresponds  to  the  position  of 
the  abyssal  hills  province  off  Cap  Blanc. 

The  widths  of  the  individual  provinces  differ 
between  the  two  continental  margins  (Fig.  1, 
Table  1 ) .  The  continental  slope  off  Cape  Hat- 
teras is  relatively  narrow  and  has  a  mean  incli- 
nation of  about  9°.  The  wider  Cape  Blanc  con- 
tinental slope  has  a  mean  inclination  of  about 
2°.  The  continental  rise  off  Cape  Hatteras  is 
about  one  third  the  width  of  the  Cap  Blanc 


continental  rise,  which  wo  id  extend  across  the 
Hatteras  abyssal  plain  and  300  km  across  the 
Bermuda  Rise.  The  Hatteras  abyssal  plain  is 
relatively  wide  and  continuous;  the  Cape  Verde 
abyssal  plain  off  Cap  Blanc  is  narrow  and  dis- 
continuous. 

Volcanic  seamounts  are  unknown  from  the 
continental  rise  directly  off  Cape  Hatteras 
(Rona  et  al.,  1967).  The  closest  known  sea- 
mount,  Caryn,  is  a  conical  volcanic  peak  at  the 
base  of  the  continental  rise  about  650  km 
northeast  of  Cape  Hatteras  (Miller  and  Ewing, 
1956).  Late  Cretaceous  limestone  (reworked) 
has  been  cored  from  Caryn  (Ericson  et  al., 
1961,  cores  A158-2,  A158-4,  A164-10).  The 
New  England  Seamount  Chain,  a  group  of  sea- 
mounts  aligned  along  westward  projections  of 
fracture  zones  from  the  Mid-Atlantic  Ridge, 
crosses  the  continental  rise  about  1 ,200  km 
northeast  of  Cape  Hatteras  (Northrop  et  al., 
1962).  The  island  of  Bermuda  is  on  a  volcanic 
pedestal  about  1,300  km  east  of  Cape  Hatteras 
(Foreman,  1951;  Pirsson,  1914).  Upper  Creta- 
ceous shallow-water  limestone  is  the  oldest  sed- 
imentary rock  that  has  been  sampled  from  Ber- 
muda (Ericson  and  Wollin,  1963).  Volcanic 
seamounts  on  the  continental  rise  directly  off 
Cap  Blanc  are  aligned  along  the  eastward  pro- 
jections of  fracture  zones  which  cross  the  Mid- 
Atlantic  Ridge  (Heezen  and  Tharp,  1968). 
Sediment  of  Maestrichtian  age  has  been  cored 
from  one  of  these  seamounts  (Weiss,  1969). 
The  chiefly  volcanic  Canary  and  Cape  Verde 
Islands  are,  respectively,  about  900  km  north 
and  southwest  of  Cap  Blanc. 

Stratigraphic  Framework 

Paleozoic  Basins 

Basins  interior  to  Paleozoic  mountain  belts 
along  both  continental  margins  contain  gently 


Table  1.  Distribution  and  Width  of  Physiographic  Provinces  (km)  of  Continental  Margins 
at  Cape  Hatteras  and  Cap  Blanc 


Interior  Interior  Coastal      Continental   Continental 

Lowlands  Mountains  Plain  Shelf  Slope  y^^^^    ^^^^      Rise  Hills 


Continental  Rise       Lower         ^,         ,       ^,         , 

Continental   -^^-f""'      '^^''.^f ' 

Plain  Hills 


Cape  Hatteras  >200                   325 

(widths  measured  (Allegheny  (Valley  and 
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From  Geological  Map  of  Africa,  1963;  Geological  Map  of  North  America,  1946;  Heezen  and  Tharp  (1968);  King  (1964.  Fig.  1); 
Rona  and  Clay  (1967,  Fig.  2);  Sougy  (1962,  Fig.  1). 
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Fig.  2. — NW-SE  stratigraphic  section  through  Cape  Hatteras;  strata  found  in  wells  on  coastal  plain  are 
projected  beneath  continental  shelf  to  terminations  at  continental  s!ope  (after  Heezen  et  al.,  1959,  Fig.  22;  Rona 
and  Clay,  1967,  Fig.  9;  Spangler,  1950,  Fig.  10). 


deformed  Paleozoic  strata  ( Fig.  1 ) .  The  Paleo- 
zoic strata  overlap  Precambrian  highs  on  the 
landward  margins  of  the  basins.  The  strata 
have  been  studied  paleontologically,  but  few 
systematic  comparisons  have  been  made. 
Within  the  Ordovician,  similar  Llandeilo  trilo- 
bite  faunas  are  identified  on  the  generic  level 
from  Florida  and  northwest  Africa  (Whitting- 
ton,  1966,  Fig.  2).  Several  Eifelian  tetracorals 
from  Morocco  have  been  assigned  to  North 
American  species  (Le  Maitre,  1947;  Eridophyl- 
lutn  seriale  and  Prismatophyllum  articuliim  are 
known  only  from  Morocco  and  North  Amer- 
ica; Heliophyllum  halli.  Cystiphyllum  vesicu- 
losum,  and  Siphonophrentis  gigantea  are  also 
known  from  both  North  America  and  north- 
west Africa). 

Coastal  Plain  and  Continental  Terrace 

The  coastal  plains  and  continental  terraces 
(continental  shelf  and  slope)  in  the  vicinities  of 
Cape  Hatteras  and  Cap  Blanc  are  underlain  by 
seaward-thickening  wedges  of  lower  Mesozoic 
through  Cenozoic  sedimentary  strata  (Aym6, 
1965,  Fig.  3;  de  Spengier  et  al..  1966;  Furon, 
1963;  Haughton,  1963;  Querol,  1966;  Spangler, 
1950;  Swain,  1947,  1952).  The  Cenozoic  and 
upper  Mesozoic  strata  appear  to  terminate  at 
the  continental  slope  (Figs.  2-6;  Heezen  et  a!., 
1959,  Fig.  22;  Rona  and  Clay.  1967,  Fig.  9). 
The  sedimentary  strata  form  homoclines  dip- 
ping seaward  regionally  at  less  than  5°,  and  are 
underlain  by  Paleozoic  rocks.  Grabens  contain- 
ing Triassic  continental  sediment  intercalated 
with  lava  flows  may  be  downfaulted  into  the 
Paleozoic.  The  sedimentary  wedges  reach  thick- 
nesses of  about  3.0-5.0  km  beneath  the  coasts 
and  3.5-6.0  km  beneath  the  shelf  breaks  of 


both  continental  margins.  The  thicknesses  of 
Jurassic  (?)  through  Tertiary  strata  are  com- 
parable on  the  two  continental  margins,  with 
the  exception  of  the  Lower  Cretaceous  which  is 
about  one  fifth  as  thick  at  Cape  Hatteras  as 
near  Cap  Blanc  (Figs.  2,  5;  Table  2).  Juras- 
sic(?)  through  Tertiary  mean  rates  of  subsi- 
dence derived  from  the  thicknesses  of  sedimen- 
tary strata  are  comparable  for  the  two  conti- 
mental  margins,  with  the  exception  of  the 
Lower  Cretaceous  (Table  2).  The  Mesozoic 
through  Cenozoic  strata  underlying  the  two 
continental  margins  are  composed  of  similar 
lithologic  sequences  of  sandstone,  shale,  and 
limestone  of  shallow  marine  or  nearshore  ori- 
gin which  interfinger  with  sandstone,  siltstone, 
and  claystone  of  continental  origin  in  the 
Upper  Jurassic(?)  and  lower  Upper  Cretaceous 
(Table  2). 

Continental  Rise 

The  continental  rises  of  both  margins  are 
formed  of  seaward-thinning  wedges  of  sedi- 
mentary strata.  The  Cape  Hatteras  continental 
rise  is  of  Cenozoic  age  because  the  sediments 
which  form  the  rise  extend  over  reflection  Hor- 
izon A,  a  relict  abvssal  plain  of  Late  Creta- 
ceous or  Eocene  age  (Fig.  3;  J.  Ewing  ct  al.. 
1966).  Horizon  A  has  not  been  identified  off 
northwest  Africa  (J.  Ewing,  personal  com- 
mun.). 

Tectonic  Framework 

Southern  Appalachian  Geos>'ncline 

The  major  structural  units  of  the  southern 
Appalachians  trend  parallel  with  the  continen- 
tal margin  (NE-SW).  Seaward  these  units  are 


134 


Peter  A.   Rona 


NW 


SLOPE 


CONTINENTAL   RISE 
UPPER     I  LOWER 


HATTERAS 

ABYSSAL 

PLAIN 


SE 


SEC        UIRTICAl       EXAGGERATION         15:1 


Fig.  3. — Photograph  of  continuous  seismic  reflection  profile  from  continental  slope  off  Cape  Hatteras  to  Bermuda 
Rise  (upper  trace)  and  corresponding  line  drawing  (lower  trace).  After  Rona  and  Clay  (1967,  Fig.  2). 

as  follows  (Fig.  1;  Cohee,  1962;  Hadley,  1964;  ince)  contains  gently  deformed  Paleozoic  strata 

King,    1959,    1964;    Rodgers,    1967;    Sanders,  and  constitutes  a  foreland  area  adjacent  to  the 

1963;  Stose,  1946).  craton. 

1.  A  synclinorium  (Allegheny  Plateau  prov-  2.  A  belt  of  unaltered  folded  and  faulted  Pa- 
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Fig.  4. — Profile  A  extends  from  middle  of  continental  shelf  off  Punta  Durnford,  Spanish  Sahara,  to  abyssal 
hills.  Residual  magnetic  profile  (upper  trace),  photograph  of  seismic  reflection  profile  (middle  trace),  and 
corresponding  line  drawing  (lower  trace)  are  shown.  Figures  6  and  9  follow  the  same  format. 
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Fig.  5. — Schematic  stratigraphic  section  across  coastal  plain  and  continental  terrace  of  Senegal  basin  about  975  km 

south  of  Cap  Blanc  (after  Ayme,  1965,  Fig.  3). 


leozoic  strata  (Cambrian  through  Early  Per- 
mian, depending  on  the  locahty;  Valley  and 
Ridge  province)  was  deformed  principally  in 
the  Pennsylvanian  and  Permian  Alleghany 
orogeny  (Westphalian  and  younger;  260-230 
m.y.).  The  sedimentary  facies  is  considered 
miogeosynclinal. 

3.  An  anticlinorium  (Blue  Ridge  province) 
comprises  metamorphic  and  plutonic  basal  Pa- 
leozoic and  Precambrian  rocks  overfolded  in  a 
landward  direction.  Cambrian  and  Ordovician 
strata  are  preserved  in  marginal  downfolds. 
Thermal  events  are  dated  in  the  basement  com- 
plex at  1,150  and  850  m.y. 

4.  A  belt  of  metamorphosed  Paleozoic  strata 
and  plutonic  rocks  (Piedmont  province)  is  dif- 
ferentiated into  landward  high-grade  and  sea- 
ward low-grade  metamorphic  zones.  A  thermal 
event  is  dated  at  about  440  m.y.  (Middle  and 
Late  Ordovician  [Caradoc]  Taconian  orog- 
eny); ages  in  this  range  may  represent  crustal 
heating  between  550  and  450  m.y.  ago  (Kulp 
and  Eckelman,  1961,  p.  413).  Other  thermal 
events  are  dated  at  about  350  m.y.  (probably 
Middle-Late  Devonian  [Emsian-Eifelian]  Aca- 
dian orogeny),  and  at  about  260  m.y.  (late  Pa- 
leozoic Alleghany  orogeny).  The  sedimentary 
facies  of  the  Piedmont  province  is  considered 
eugeosynclinal. 

5.  Igneous  and  metamorphic  Paleozoic  rocks 
of  the  Piedmont  incline  seaward  beneath  the 
Mesozoic  through  Cenozoic  seaward-thickening 
sedimentary  wedge  that  underlies  the  coastal 


plain  and  continental  shelf  at  Cape  Hatteras 
(Denison  et  al.,  1967).  Practically  unmetamor- 
phosed  Paleozoic  strata  are  present  at  certain 
other  localities  both  north  and  south  of  Cape 
Hatteras  as,  for  example,  beneath  Sable  Island 
off  Nova  Scotia  and  beneath  northern  Florida 
(Applin,  1951).  The  Mesozoic  through  Ceno- 
zoic strata  are  in  basins  delineated  by  structural 
highs  in  the  crystalline  basement  (Drake  ct  al., 
1959).  Thermal  events  ranging  between 
585±40  and  250±5  m.y.  are  d'ated  from  the 
basement  complex  near  Cape  Hatteras  (Deni- 
son et  al,  1967). 

6.  Grabens  with  their  axes  regionally  parallel 
with  the  continental  margin  are  downfaulted 
into  the  rocks  of  the  Piedmont  province  and 
contain  Late  Triassic  and  Jurassic  basaltic  lava 
flows  intercalated  with  continental  redbeds.  .A 
thermal  event  is  dated  from  the  basalt  flows  at 
about  200-190  m.y.  (Late  Triassic  [Carnian- 
Norian]  Palisades  disturbance). 

Northwest  African  Geosyncline 

Major  structural  units  of  the  northwest  Afri- 
can continental  margin  (seaward)  are  as  fol- 
lows (Fig.  1;  Choubert  and  Faurc-Muret. 
1968;  Furon,  1963;  Querol.  1966;  Soucv.  1962; 
UNESCO,  1963). 

1.  Interior  basins  (Tindouf,  Taoudcnni) 
trending  ENE-WSW  contain  nearly  flat-lying 
chiefly  clastic  Paleozoic  strata  which  overlap 
the  Precambrian  African  shield  and  constitute 
a  foreland  area. 
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Fig.   6. — Profile  B  extends  from  continental  shelf  off 
Cap  Blanc,  Mauritania,  to  upper  continental  slope. 

2.  A  Precambrian  structural  high  (Anti-At- 
las) trending  ENE-WSW  plunges  seaward  to- 
ward the  Canary  Islands. 

3.  A  Precambrian  structural  high  (Reguibat 
or  Yetti  Eglab)  trending  ENE-WSW  plunges 
seaward  toward  the  Cape  Verde  Rise.  Rocks 
with  ages  of  nearly  2,000  m.y.  correlative  with 
the  African  shield  crop  out  along  both  the 
Anti-Atlas  and  Reguibat  highs. 

4.  A  belt  of  folded  and  faulted  early  and 
middle  Paleozoic  rocks  (Cambrian  through 
Devonian),     designated     the     "Mauritanides" 


(Sougy,  1962),  extends  along  the  continental 
margin  from  Morocco  at  least  as  far  south  as 
Senegal.  The  belt  comprises  a  folded  zone 
(landward  side)  and  a  zone  exhibiting  strong 
deformation,  dynamic  metamorphism,  and  pos- 
sibly igneous  intrusion  (seaward  side).  The 
folded  zone  in  the  Spanish  Sahara  and  adjacent 
Mauritania  comprises  a  thick  sequence  of  In- 
fracambrian  (earliest  Paleozoic)  dolomites  and 
clastic  rocks  overlain  by  quartzitic  sandstones 
of  Cambrian  to  Ordovician  age;  the  sedimen- 
tary facies  may  be  considered  miogeosynclinal. 
Deformed  and  slightly  metamorphosed  Infra- 
cambrian  and  Cambrian  sandstone,  graywacke, 
volcanic  rock,  and  shale  exposed  in  the  Moroc- 
can Meseta  may  be  considered  eugeosynclinal. 
Landward  overthrusting  of  the  metamorphic 
zone  is  observed  in  Morocco,  the  Spanish  Sa- 
hara, and  Mauritania  (Sougy,  1962,  Fig.  1). 
Dates  of  600  ±  200  m.y.  have  been  measured 
in  rocks  from  the  metamorphic  zone  in  the 
southern  Spanish  Sahara,  northwestern  Mauri- 
tania (Akjoujt  district),  and  Senegal  (Hurley  et 
al.,  1967,  Fig.  1).  Precambrian  rocks  are  also 
probably  present  in  the  metamorphic  zone 
(Sougy,  1969). 

An  erosional  hiatus  in  the  Paleozoic  strata  of 
the  fold  belt  indicates  mild  Caledonian  (Ordo- 
vician-Silurian)  deformation.  The  main  fold 
movements  were  post-Devonian  within  the  Pa- 
leozoic (Hercynian). 

5.  Igneous  and  metamorphic  Paleozoic  rocks 
of  the  Mauritanides  metamorphic  zone  incline 
seaward  and  are  buried  unconformably  beneath 
a  seaward-thickening  wedge  of  Mesozoic 
through  Cenozoic  strata  that  underlies  the 
coastal  plain  and  continental  shelf  near  Cap 
Blanc.  Practically  unmetamorphosed  Paleozoic 
strata  are  present  beneath  the  coastal  plain 
both  north  and  south  of  Cap  Blanc  as,  for  ex- 
ample, beneath  parts  of  the  Aaiun  basin  (Hed- 
berg,  1961,  p.  1181)  and  beneath  the  Senegal 
basin  (Ayme,  1965;  Moody,  1962,  p.  1232). 
The  Mesozoic  and  Cenozoic  strata  are  in  basins 
(Essaouira,  Aaiun,  Senegal)  delineated  by  the 
Precambrian  structural  highs.  A  thermal  event 
dated  at  650  m.y.  in  crystalline  rocks  under- 
lying the  Aaiun  basin  represents  a  Precambrian 
orogeny  (Querol,  1966,  p.  29-32).  The  entire 
African  continent  underwent  a  major  pan-Afri- 
can thermal  event  about  500  m.y.  ago  in  which 
the  Mauritanides  and  other  regions  of  mobility, 
tectonism,  and  granitization  were  differentiated 
from  stable  cratonic  nuclei  (Cahen,  1961;  Ken- 
nedy, 1965).  A  thermal  event  dated  at  304 
m.y.  from  a  dolomite  (Infracambrian?)  under- 
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Table  2.  Stratigraphy  at  Cape  Hatteras  and  Near  Cap  Blanc 


Cape  Hatteras: 

Esso  Hatteras  Light  Well  No.  I 

(Fig.  2:  Swain,  1952) 


Cap  Diane: 

Senegal  Basin 

(Fig.  3:  Ayme.  1965.  Fig.  3) 


Sediment  thickness  (m)  near  present  coastline 
Tertiary 

Upper  Cretaceous 
Lower  Cretaceous 
Upper  Jurassic(  ?) 

Lithology 
Tertiary 


Upper  Cretaceous 


Lower  Cretaceous 


Upper  Jurassic(  ?) 


Environment  of  deposition  inferred  from 
lithology  and  paleontology 
Tertiary 

Upper  Cretaceous 


Lower  Cretaceous 


Upper  Jurassic(?) 


Mean  rale  of  subsidence  (cm/ 1, 000  year) 
near  present  coastline  derived  from  sedi- 
ment thickness 

Tertiary  (1-70  m.  y.) 
Upper  Cretaceous  (70   102  m.  y.) 
Lower  Cretaceous  (102-135  m.  y.) 
Upper  Jurassic(?)(l.15-I57  m.  y  ) 
Upper  Jurassic(  ?)-Tertiary  (I    157  m.  y.) 

Tectonic  phase 
Tertiary 


late  Cretaceous 
Early  Cretaceous 

Late  Jurassic(  ?) 
L;ite  Triassic 
Post-Devonian 


925 
805 
860 
420 


Sand  in  upper  part  with  increasing  amounts 
of  limestone,  clay,  calcareous  marl,  and 
shale  in  lower  part 

Intcrbedded  sandstone,  gray  and  green  shale, 
and  calcareous  marl 

Interbedded  sandstone,  limestone,  and  gray 
shale 

Interbedded  limestone,  dolomite,  sandstone, 
gray  shale,  and  anhydrite  in  upper  part;  red 
arkosic  sandstone  and  red  shale  in  lower 
part 


Shallow-water  marine 

Shallow-water  nearshore  marine  including 
beach  deposits;  interfingering  continental 
deposits  in  lower  part 

Shallow-water  marine 

Shallow-water  marine  with  interfingering 
continental  deposits 


1.3 
2.5 
2.6 
1.9 
1.9 


600 
1,200 
2,900 

500 


Sand  in  upper  part  with  increasing  amounts 
of  limestone,  clay,  calcareous  marl,  and 
shale  in  lower  part 

Interbedded  sandstone,  gray  and  green  shale, 
and  calcareous  marl 

Interbedded  sandstone,  limestone,  and  gray 
shale 

Present  but  not  described  from  Senegal  basin; 
in  Essaouira  basin  (Societe  Cherifienne  des 
Petroles,  1966,  PI.  2)  interbedded  limestone, 
dolomite,  sandstone,  gray  shale,  and  anhy- 
drite in  upper  pan;  red  sandstone  and  red 
shale  in  lower  part. 


Shallow-water  marine  and  continental 

Shallow-water  nearshore  marine  including 
beach  deposits;  interfingering  continental  de- 
posits in  lower  part 

Shallow-water  marine 

Shallow-water  marine  with  interfingering 
continental  deposits 


0.9 

8.8 
2,3 
3.3 


Epeirogeny  (relatively  slow  or  discontinuous 
subsidence) 


Epeirogeny  (relatively  fast  subsidence) 

Epeirogeny  (relatively  fast  or  discontinuous 
subsidence) 

Epeirogeny  (moderately  fast  subsidence) 

Tensional  rifting  and  volc.mism 

Orogeny 


Early  Cenozoic  Alpine  orogeny  followed  by 
epeirogeny  (relatively  slow  or  discontinuous 
subsidence) 

Epeirogeny  (relatively  fast  subsidence) 

Epeirogeny  (relatively  fast  subsidence) 

Epeirogeny  (moderately  fast  subsidence) 
Tensional  rifting  and  volcanism 
Orogeny 


Rates  of  sea  floor  spreading  (cm/year)  from 
Mid-Atlantic  Ridge  between  lats.  10°  and 
46°N  interpreted  from  magnetic  anomalies 
according  to  Vine  and  Matthews  (1963) 
hypothesis 

0-6  m.  y. 
6-10  m.  y. 
10  40  m.  y. 


1.3  (Phillips,  1967) 

1.7  (Phillips,  1967) 

Lapse  (Ewing  and  Ewing,  1967;  l.angseth  el 

<(/.,  1966;  Schneider  and  Vogt,  I'iiS) 


70-120  m.  y. 


3.3-3.8  (LePichon.  1968) 
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lying  Mesozoic  strata  of  the  Aaiun  basin  is  as- 
sociated with  the  Hercynian  orogeny  (Querol, 
1966). 

6.  A  Precambrian  structural  high  (Guinea 
arch  or  Liberia-Upper  Volta  uplift)  trends 
ENE-WSW  nearly  parallel  with  a  WSW  sea- 
ward deflection  of  the  Mauritanides  fold  belt 
south  of  Senegal  (Lavrov  and  Syrskiy,  1967; 
Sheridan  et  al.,  1969,  Fig.  6;  Sougy,  1962,  Fig. 

1). 

7.  Late  Triassic  continental  redbeds  and  evap- 
orites,  including  rock  salt  interbedded  with 
basaltic  lavas,  are  distributed  in  linear  trends 
nearly  parallel  with  the  continental  margin  be- 
neath the  Essaouira  and  Aaiun  basins  (Mar- 
tinis and  Visintin.  1966,  Fig.  11;  Querol,  1966; 
Reyre,  1966b,  Fig.  3;  Societe  Cherifienne  des 
Petroles,  1966,  Figs.  1,  2).  The  distribution  of 
these  deposits  suggests  that  they  may  be  con- 
tained within  grabens  faulted  into  underlying 
Paleozoic  rocks.  Grabens  filled  with  Triassic(?) 
coarse  clastic  beds  were  found  by  seismic  meth- 
ods and  drilling  near  the  hingeline  of  the  Aaiun 
basin  (Querol,  1966).  Basic  dikes  intrude  Or- 
dovician  to  Upper  Devonian  strata  in  the  west- 
ern part  of  the  Tindouf  basin.  Late  Triassic 
basalt  sills  and  dikes  cut  the  Paleozoic  rocks, 
including  the  Westphalian  of  the  Taoudenni 
basin  (Furon,  1963). 

Asymmetries 

Asymmetries  in  the  Paleozoic  frameworks  of 
the  opposing  continental  margins  include  the 
following. 

1.  The  Appalachian  fold  belt  appears  to 
curve  more  regularly  than  the  Mauritanides 
fold  belt.  The  north-south  trend  of  the  Mauri- 
tanides fold  belt  is  deflected  at  intersections 
with  the  east-northeast  trending  Anti-Atlas,  Re- 
guibat,  and  Guinea  Precambrian  highs  (Fig. 
1).  Precambrian  highs  on  the  corresponding 
landward  side  of  the  Appalachian  fold  belt — 
the  Nashville  dome,  Cincinnati  and  Findlay 
arches,  and  Adirondack  uplift — do  not  trend 
transverse  to  the  fold  belt  and  are  not  asso- 
ciated with  marked  deflections. 

2.  Precambrian  through  Early  Permian  rocks 
are  involved  in  the  southern  Appalachian  fold 
belt  and  adjacent  plateau  province.  Precam- 
brian through  Devonian  strata  are  involved  in 
the  Mauritanides  fold  belt  and  the  upper  Paleo- 
zoic is  apparently  absent  and  is  represented  by 
a  surface  of  unconformity  beneath  the  Meso- 
zoic (Fig.  5;  Haughton,  1963;  Sougy,  1962). 
Clastic  Carboniferous  deposits  in  the  Tindouf 
basin  thicken  eastward  and  presumably  were 


derived  from  the  west  during  an  incipient  phase 
of  the  Hercynian  orogeny  (Querol,  1966). 

Symmetries 

In  several  respects,  the  southern  Appalachian 
and  Mauritanide  mountain  systems  appear  to 
be  nearly  mirror  images  in  space  and  time 
within  the  limitations  of  geologic  resolution. 

1.  Miogeosynclinal  and  eugeosynclinal  de- 
posits can  be  recognized  in  the  Appalachian 
and  northwest  African  geosynclines. 

2.  Gently  deformed  Paleozoic  strata  are 
present  as  forelands  interior  to  the  folded 
mountain  belts. 

3.  The  fold  belts  are  both  two  sided.  A  zone 
of  folded  Paleozoic  strata  trends  nearly  parallel 
with  each  continental  margin  and  was  folded 
mainly  after  the  Devonian  within  the  Paleo- 
zoic. A  metamorphic  zone  parallels  the  seaward 
margins  of  both  fold  belts  and  appears  to  be 
overfolded  or  thrust  primarily  in  a  landward 
direction. 

4.  Metamorphosed  and  unmetamorphosed 
Paleozoic  strata  and  igneous  rocks,  depending 
on  locality,  incline  seaward  under  a  seaward- 
thickening  wedge  of  Mesozoic  through  Cenozoic 
shallow-water  marine  and  continental  strata  de- 
posited in  basins  beneath  the  coastal  plain  and 
continental  shelf. 

5.  The  orientation  of  the  Anti-Atlas  and  Re- 
guibat  Precambrian  highs  nearly  transverse  to 
the  regional  trend  of  the  Mauritanides  fold  belt 
is  similar  to  that  of  the  Cape  Fear  arch  which 
extends  beneath  the  coastal  plain  and  continen- 
tal shelf  as  a  transverse  structural  salient  from 
the  anticlinorium  of  the  Blue  Ridge  province 
(Fig.  1;  Hersey  et  al,  1959;  Wooflard  et  al., 
1957).  The  Guinea  arch  and  the  Peninsular 
arch  are  both  near  apparent  southern  termina- 
tions of  the  respective  fold  belts  (Fig.  1).  Fur- 
ther investigation  should  evaluate  the  possibility 
of  predrift  "matches"  between  these  structures. 

6.  The  lithologic  sequences  and  thicknesses 
of  Jurassic(?)  through  Tertiary  sedimentary 
strata  generally  correspond  beneath  the  oppos- 
ing continental  margins. 

7.  Late  Triassic  continental  redbeds  interca- 
lated with  basaltic  lava  flows  along  the  north- 
west African  continental  margin  suggest  that  a 
fault-block  basin  system  may  be  present  corre- 
sponding to  the  Late  Triassic  system  of  eastern 
North  America. 

Offshore  Residual  Magnetic  Anomalies 

Major  features  of  the  residual  magnetic  fields 
measured  over  the  offshore  parts  of  the  two 
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continental  margins  appear  broadly  symmetric. 

1.  Positive  magnetic  anomalies  are  asso- 
ciated with  the  edges  of  the  continental  shelves 
off  both  continental  margins.  A  positive  mag- 
netic anomaly  is  associated  with  the  .shelf  edge 
off  eastern  North  America  at  least  as  far  south 
as  Cape  Hatteras  (Drake  et  al.,  1963;  Taylor  et 
al.,  1968).  Positive  magnetic  anomalies  are  as- 
sociated with  the  shelf  edge  in  profiles  A  and  B 
off  Punta  Durnford  and  Cap  Blanc  (Figs.  1,  4, 
6). 

2.  A  magnetic  boundary  between  relatively 
rough  (seaward)  and  smooth  (landward)  mag- 
netic fields  is  found  nearly  parallel  with  each  of 
the  continental  margins  (Fig.  1;  Heirtzler  and 
Hayes,  1967,  Fig.  3).  The  magnetic  boundary 
strikes  NNE-SSW  about  500  km  seaward  of 
Cape  Hatteras  near  the  western  margin  of  the 
Bermuda  Rise.  The  magnetic  boundary  strikes 
north-south  about  550  km  seaward  of  Cap 
Blanc  coincident  with  the  middle  of  the  conti- 
nental rise  (Fig.  4;  Rona  et  al.,  1969).  South 
of  the  Guinea  arch  the  magnetic  boundary  ap- 
pears to  turn  east  and  run  along  the  base  of  the 
continental  slope  (Krause,  1964;  Dickson,  in 
Sheridan  ef  a/.,  1969). 

3.  Successive  magnetic  anomalies  seaward 
from  the  magnetic  boundary  can  be  correlated 
in  a  N-S-striking  linear  band  about  300  km 
wide  parallel  with  the  magnetic  boundary  from 
about  the  latitude  of  the  Cape  Verde  Islands  to 
just  south  of  the  Canary  Islands  (Rona  et  al., 
1969).  Certain  magnetic  anomalies  within  this 
band  show  mirror-image  correlations  with  a 
similar  NNE-SSW-striking  band  of  linear  mag- 
netic anomalies  seaward  of  the  magnetic 
boundary  off  Cape  Hatteras  (Schneider  et  al.. 
1969). 

4.  Magnetic  anomalies  over  the  Mid-Atlantic 
Ridge  near  27°N  are  parallel  with  the  ridge 
axis  and  fairly  symmetric  about  (he  ridge  axis 
out  to  a  distance  of  at  least  100  km  (Phillips, 
1967). 

The  symmetry  of  the  magnetic  boundary  and 
associated  parallel  anomalies  off  Cape  Hatteras 
and  Cap  Blanc  is  consistent  with  the  interpreta- 
tion of  the  magnetic  anomalies  as  remanent  ac- 
cording to  the  Vine  and  Matthews  (1963)  hy- 
pothesis. The  magnetic  anomalies  may  have 
been  generated  by  polarity  reversals  and  re- 
corded in  magnetic  rocks  symmetrically  spread- 
ing away  from  the  Mid-Atlantic  Ridge 
(Holmes,  1931;  Hess,  1962;  Dietz,  1961). 

The  significance  of  the  magnetic  boundary  is 
problematic.  Interpretation  of  the  magnetic 
boundary  as  a  remanent  magnetic  anomaly  ac- 


cording to  the  hypothesis  of  sea-floor  spreading 
implies  that  at  the  time  of  generation  of  the 
magnetic  boundary  the  opposing  continental 
margins  at  Cape  Hatteras  and  Cap  Blanc  were 
about  1 ,050  km  apart  on  the  basis  of  the  pres- 
ent distances  of  the  magnetic  boundaries  from 
the  two  capes.  The  magnetic  boundary  is  inter- 
preted as  an  isochron  in  the  age  range  of 
250-200  m.y.  (Middle  Permian  to  Middle 
Triassic;  Heirtzler  and  Hayes,  1967)  or  190 
m.y.  (Late  Triassic;  Schneider  et  al.,  1969). 

Offshore  Structural  Deformation 
Continental  Margin  OfF  Cape  Hatteras 

A  seismic  reflection  profile  recorded  along 
azimuth  130°  reveals  the  configuration  of  sedi- 
mentary strata  beneath  the  continental  slope, 
continental  rise,  and  abyssal  plain  off  Cape 
Hatteras  (Fig.  3).  The  continental  terrace  off 
Cape  Hatteras  consists  of  a  constructional  con- 
tinental shelf  underlain  by  sedimentary  strata 
with  low  (<1°)  seaward  inclinations  which  are 
truncated  at  an  erosional  continental  slope 
(Rona  and  Clay,  1967).  North  of  Cape  Hat- 
teras the  stratal  terminations  are  buried 
progressively  by  a  sedimentary  cover  that  man- 
tles the  continental  slope  (Rona,  1969c). 

Horizon  A  is  the  deepest  ref.ection  interface 
visible  on  the  profile  (Fig.  3)  and  can  be 
traced  seaward  under  the  lower  continental  rise 
and  Hatteras  abyssal  plain  (180-590  km),  and 
beneath  the  margin  of  the  Bermuda  Rise 
(590-645  km).  As  a  relict  abyssal  plain  of 
Late  Cretaceous  or  Eocene  age  (J.  Ewing  et 
al.,  1966)  Horizon  A  is  both  a  structural  and  a 
time  datum.  It  is  a  nearly  horizontal  interface 
under  the  lower  continental  rise  and  Hatteras 
abyssal  plain;  thus  sediments  comprising  the 
continental  rise  and  Hatteras  abyssal  plain  were 
deposited  during  the  Cenozoic  and  any  defor- 
mation in  strata  above  Horizon  .\  must  be  lim- 
ited to  shallow  gravitational  displacement  pro- 
cesses. Such  processes  acting  above  Horizon  A 
are  inferred  to  include  massive  rotational 
slumping  of  strata  from  the  outer  continen- 
tal terrace  onto  the  upper  continental  rise  and 
oravitational  gliding  of  strata  beneath  the  conti- 
nental rise  along  bedding  planes  inclined  nearly 
parallel  with  the  sediment-water  interface 
(Rona  and  Clay.  1967).  Beneath  the  western 
margin  of  the  Bermuda  Rise.  Horizon  A  and 
overlying  strata  are  deformed  into  undulations 
produced  either  by  differential  compaction  of 
sediment  over  basement  topography  or.  more 
likely,  by  Cenozoic  structural  deformation  in- 


140 


Peter  A.   Rona 


volving  diflferential  vertical  components  of 
movement  of  basement  blocks  (Rona  and  Clay, 
1967,  Fig.  6). 

Regional  Geology  of  Northwest  Africaii 
Offshore  Continental  Margin 

From  the  Strait  of  Gibraltar  at  least  as  far 
south  as  the  Canary  Islands,  sedimentary  strata 
beneath  the  continental  terrace  are  strongly 
folded  and  faulted  (McMaster  and  Lachance, 
1968).  The  structural  deformation  probably  is 
related  to  Alpine  tectonic  activity  of  the  Medi- 
terranean region. 

North  of  Cap  Blanc,  strata  underlying  the 
coastal  plain  and  continental  terrace  of  the  Es- 
saouira  and  Aaiun  basins  are  involved  in 
down-to-basin  normal  faulting  related  to  sea- 
ward subsidence  (Martinis  and  Visintin,  1966; 
Querol,  1966).  South  of  Cap  Blanc,  the  conti- 
nental terrace  of  the  Senegal  basin  is  underlain 
by  Jurassic(?)  through  Upper  Cretaceous 
(Maestrichtian)  strata  which  are  faulted, 
weakly  folded,  and  intruded  chiefly  by  Miocene 
and  Quaternary  igneous  rock  (de  Spengler  et 
ah,  1966,  Fig.  3).  The  structures  of  the  Senegal 
basin  are  controlled  primarily  by  block  faulting 
of  the  crystalline  basement.  An  inferred  direc- 
tion of  block  faulting  is  along  subsidence  flex- 
ures regionally  parallel  with  the  coast.  Strata 
underlying  the  coastal  plain  and  continental 
terrace  at  Cap  Blanc  also  may  be  involved  in 
block  faulting  of  the  crystalline  basement. 

On  the  partly  volcanic  island  of  Fuerteven- 
tura  (eastern  Canary  Islands)  about  100  km 
from  the  African  coast  (Fig.  1),  a  stratigraphic 
section  more  than  1,000  m  thick  consists  of 
Jurassic(?)  marine  limestone,  sandstone,  silt- 
stone,  and  shale,  through  shallow-water  Eocene 
marls.  The  Fuerteventura  section  is  lithologi- 
cally  similar  to  known  Lower  Jurassic  through 
Eocene  strata  in  the  Aaiun  basin  (Rothe, 
1968).  The  sedimentary  strata  on  Fuerteven- 
tura are  folded  with  NW-SE  axial  strikes  and 
are  partly  overturned  (Fuster  et  al.,  1968);  the 
difference  between  the  strike  of  the  fold  axes 
and  the  NNE  strike  of  associated  basaltic  and 
trachytic  dikes  and  flows  emplaced  from  Oligo- 
cene  to  Holocene  time  suggests  independent 
structural  origins  (Abdel-Monem  et  al.,  1967; 
Fuster  Casas  and  Aguilar  Tomas,  1965;  Han- 
sen, 1958;  Rothe,  1968;  Rothe  and  Schmincke, 
1968).  Seismic  refraction  profiles  of  the  1967 
Meteor  expedition  indicate  that  the  crust  is 
continental  between  Africa  and  Fuerteventura 
(Kegel,  1968)  and  is  oceanic  west  of  Fuerte- 
ventura  (Dash  and  Bosshard,    1968).  Abrupt 


thinning  of  unconsolidated  sediment  from  more 
than  6  km  to  less  than  1  km  between  Fuerte- 
ventura and  Gran  Canaria,  the  next  island  west, 
indicates  the  presence  of  a  major  fault  (Dash 
and  Bosshard,  1968).  The  NE-SW  elongation 
and  linearity  of  the  eastern  Canary  Islands  sug- 
gest that  the  fault  system  trends  parallel  with 
the  long  coasts  of  these  islands  and  the  adja- 
cent African  continental  margin. 

Sedimentary  sections  also  are  exposed  on  the 
chiefly  volcanic  Cape  Verde  Islands.  Late  Jur- 
assic (Tithonian)  to  Early  Cretaceous  (Ap- 
tian)  deep-water  siliceous  limestone  containing 
Aptychus  (Lamellaptychus)  rectecostatiis  is  ex- 
posed on  the  island  of  Maio  in  the  eastern 
Cape  Verde  Islands  (Colom,  1955;  Pires 
Soares,  1948,  1953;  Sousa  Torres  and  Pires 
Scares,  1946;  Stahlecker,  1934).  The  post-Ap- 
tian  in  the  Cape  Verde  Islands  is  predomi- 
nantly of  shallower  water  origin  and  includes 
Cretaceous  limestone  and  clay,  intercalated 
with  basalt,  and  Eocene  (Lutetian?)  marl.  The 
Late  Jurassic  though  Eocene  (Lutetian?)  sedi- 
mentary strata  are  intensely  folded. 

Continental  Margin  Near  Cap  Blanc 

Profile  A  (Figs.  1,  4)  was  recorded  along 
azimuth  290°  from  the  middle  of  the  continen- 
tal shelf  off  Punta  Durnford,  the  Spanish  Sa- 
hara, across  the  continental  slope  and  continen- 
tal rise,  to  the  abyssal  hills.  The  seismic  reflec- 
tion profile  reveals  several  major  features  of 
the  sedimentary  layer  which  are  seen  in  greater 
detail  on  profiles  B-E  (Figs.  6-9).  The  mag- 
netic profile  shows  a  transition  between  rough 
and  smooth  magnetic  fields  at  the  magnetic 
boundary  over  the  middle  of  the  continental 
rise  (Fig.  4). 

Outer  Continental  Terrace  Off  Cap  Blanc 

Profile  B  extends  from  the  middle  of  the 
continental  shelf  off  Cap  Blanc  to  the  upper 
continental  slope  (Figs.  1,6).  The  features  ob- 
served on  profile  B  are  similar  to  those  ob- 
served in  the  corresponding  section  of  profile  A 
400  km  north  (Figs.  1,  4). 

Profile  B  shows  that  the  margin  of  the  conti- 
nental terrace  is  compounded  of  at  least  four 
components,  which  are  described  hereafter  in 
stratigraphic  succession. 

1.  A  buried  margin  of  the  continental  ter- 
race is  represented  by  the  shaded  areas  labeled 
1  beneath  the  present  margin  of  the  continental 
terrace  in  profiles  A  and  B.  The  buried  margin 
consists  of  an  outer  continental  shelf  con- 
structed of  strata  with  low  ( <  1  ° )  seaward  in- 
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Table  3.  Locations  of  Profiles  in  Figures  3  4  and  6  9 


Horn 

To 

Proplc 

Physiographic  Prot  ince 

LmI.  N 

Long.  W 

Lat.  N 

Long.  W 

Cape  Hatteras 

ss'ir 

74059/ 

31°28' 

69°44' 

Continental  slope  to  Bermuda  Rise 

A 

23°34' 

I6°35' 

26°33' 

25°48' 

Continental  shelf  to  abyssal  hills 

B 

21°27' 

17°18' 

21°38' 

18°02' 

Continental  shelf  to  upper  continental  slope 

C 

24=20' 

190,2' 

22°  13' 

20°02' 

Upper  continental  rise 

D 

25052/ 

24<'33' 

24°20' 

24027' 

Lower  continental  rise 

E 

26°33' 

25°48' 

24°  12' 

28°23' 

Abyssal  hills 

clinations  and  an  erosional  continental  slope 
which  truncates  strata  underlying  the  associated 
shelf.  The  buried  shelf  break  is  at  about  600  m 
(0.6  sec)  subbottom  or  700  m  below  sea  level. 
In  profile  A  (Fig.  5)  the  erosional  continental 
slope  can  be  traced  downward  at  a  constant  in- 
clination of  about  5°  beneath  the  base  of  the 
present  continental  slope  to  the  limit  of  seismic 
penetration  at  about  1  km  (1  sec)  subbottom. 
The  buried  erosional  continental  slope  appar- 
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Fig.  7. — Profile  C  traverses  section  of  uppci 
continental  rise. 


ently  controls  the  seaward  limit  of  sedimentary 
progradation  across  the  present  continental 
shelf  by  demarcating  a  line  between  regions  of 
erosion  and  deposition  in  the  overlying  sedi- 
ments. The  updip  projection  of  the  buried  ero- 
sional continental  slope  aligns  with  the  present 
upper  continental  slope  and  shelf  break  in  pro- 
file B  (Fig.  6).  Semiconsolidated  sediment  of 
the  buried  continental  margin  supports  the 
weight  of  overlying  unconsolidated  sediment. 
The  overlying  unconsolidated  sediment  that 
progrades  beyond  the  buried  shelf  break  has 
sheared  under  its  own  weight  along  the  updip 
projection  of  the  buried  erosional  continental 
slope.  As  a  result  of  gravitational  shearing,  the 
present  shelf  break  is  about  5  km  landward  of 
the  buried  shelf  break.  Gravitational  shearing 
limits  either  seaward  progradation  or  landward 
retreat  of  the  continental  terrace.  As  a  conse- 
quence of  the  geometry,  successively  vounger 
shelf  breaks  migrate  landward  in  small  incre- 
ments, so  that  the  present  shelf  break  should  be 
about  100  km  landward  of  an  original  shelf 
break  (Jurassic?),  presumably  buried  b.^neath 
the  toe  of  the  continental  slope. 

2.  A  buried  shelf  break  at  about  200  m  (0.2 
sec)  subbottom  or  300  m  below  sea  level  over- 
lying the  buried  continental  terrace  margin  is 
constructed  of  foreset  bedding.  The  foreset 
beds  may  have  been  deposited  bv  a  fluviatile 
delta  during  a  former  pluvial  climatic  regime 
when  a  higher  precipitation  evaporation  ratio 
prevailed. 

3.  The  present  shelf  break  is  100  m  below 
sea  level.  The  present  continental  shelf  is  con- 
structional and  the  upper  continental  slope  is 
erosional  with  an  inclination  of  about  5^  down 
to  500  m  below  sea  level. 

4.  A  cover  of  acoustically  transparent  sedi- 
ment labeled  2  in  profiles  .A  and  B  conformablv 
mantles  the  continental  slope.  The  upper  mar- 
gin of  the  sedimentary  cover  begins  sharply  at 
500  m  below  sea  level,  coincident  with  a  de- 
crease in  the  mean  inclination  of  the  continen- 
tal slope  from  5  to  2"'  and  forms  a  convc\-up- 
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Fig.  8. — Profile  D  traverses  section  of  lower  continental  rise  (after  Rona,  1969e). 
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Fig.  9. — Profile  E  traverses  section  of  abyssal  hills. 


ward  bulge.  The  sedimentary  cover  can  be 
traced  continuously  as  a  transparent  interval 
about  500  m  (0.5  sec)  thick  on  profile  A  (Fig. 
4)  down  the  continental  slope,  over  the  upper 
continental  rise,  beneath  irregular  topography 
at  the  transition  between  the  upper  and  lower 
continental  rise  where  the  cover  thins  to  about 
200  m  (0.2  sec),  and  over  the  lower  continen- 
tal rise  where  the  cover  lenses  out.  The  cover 
probably  is  composed  of  lutite  on  the  basis  of 


analogy  with  other  transparent  sediment.  Depo- 
sition of  the  cover  has  built  out  (prograded) 
the  continental  slope  and  built  up  the  continen- 
tal rise. 

The  two  major  components  described  from 
the  northwest  African  continental  terrace,  la- 
beled /  and  2  on  profiles  A  and  B  (Figs.  4,  6), 
are  identified  in  the  middle  Atlantic  continental 
terrace  of  eastern  North  America  (Rona, 
1969c).  The  continental  terrace  off  Cape  Hat- 
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teras  consists  of  a  constructional  continental 
shelf  and  an  erosional  continental  slope  corre- 
sponding to  component  1  which  forms  the  basic 
stratigraphic  framework  of  the  two  continental 
margins  (Figs.  2,  3).  North  of  Cape  Hatteras 
the  erosional  continental  slope  is  progressively 
prograded  by  a  sedimentary  cover,  shaped  by 
ocean  currents,  corresponding  to  component  2. 
The  identification  of  corresponding  components 
in  the  opposing  continental  margins  indicates 
that  the  major  change  in  sedimentary  regimen 
from  component  1  to  component  2  may  have 
affected  both  sides  of  the  North  Atlantic  simul- 
taneously. 

By  control  of  deposition  and  erosion,  ocean 
currents  that  flow  adjacent  to  the  ocean  bottom 
have  been  important  agents  in  shaping  the  con- 
tinental slope  and  rise  off  Cape  Hatteras  during 
the  Cenozoic  (Heezen  et  al.,  1966;  Rona, 
1969c;  Rona  et  al,  1967).  The  North  Adantic 
deep  water  originates  in  sub-Arctic  regions  of 
the  North  Atlantic.  As  its  southward  flow  is  in- 
fluenced by  the  Coriolis  force,  it  branches  into 
a  strong  concentrated  western  current  (Western 
Boundary  Undercurrent),  which  flows  over  the 
continental  slope  and  rise  of  eastern  North 
America,  and  a  weak  diffuse  eastern  current, 
which  apparently  flows  over  the  continental 
slope  and  rise  off  northwest  Africa  (Defant, 
1961;  Wiist,  1957).  Deposition  of  the  sediments 
that  compose  the  continental  rise  off  Cape  Hat- 
teras is  controlled  primarily  by  the  Western 
Boundary  Undercurrent,  so  deposition  of  the 
much  wider  continental  rise  ofT  Cap  Blanc  may 
be  related  to  the  wider  area  presumably  cov- 
ered by  the  diffuse  eastern  current.  The  trans- 
parent sedimentary  cover  which  mantles  the 
continental  slope  and  rise  off  Cap  Blanc  is 
thicker  than  that  off  Cape  Hatteras,  possibly 
because  of  greater  sediment  accumulation 
under  the  weaker  bottom-current  regime  off 
Cap  Blanc. 

A  sharp  topographic  change  occurs  about 
400  m  below  sea  level  on  the  upper  continental 
slope  off  Cape  Hatteras  coincident  with  the 
boundary  between  the  Western  Boundary  Un- 
dercurrent flowing  southwest  and  the  overlying 
Florida  Current  of  the  Gulf  Stream  flowing 
northeast  (Rona,  1970).  The  sharp  upper  mar- 
gin of  the  sedimentary  cover  at  500  m  below 
sea  level  off  Cap  Blanc  also  may  coincide  with 
a  boundary  between  ocean  currents.  The  irreg- 
ular topography  and  thinning  of  the  sedimen- 
tary cover  at  the  transition  between  the  upper 
and  lower  continental  rise  off  Cap  Blanc  have 
counterparts  off  Cape  Hatteras  where  these  fea- 


tures are  attributed  to  erosion  in  a  zone  of  ac- 
celerated ocean-current  flow  (Schneider  et  al., 
1967).  The  apparent  absence  off  Cap  Blanc  of 
lower  continental  rise  hills,  the  presence  of 
which  off  Cape  Hatteras  is  related  to  deposition 
controlled  by  the  Western  Boundary  Undercur- 
rent (Fox  et  al,  1968;  Rona,  1969d),  may  be 
attributed  to  the  generally  weaker  bottom-cur- 
rent regime  that  has  prevailed  off  Cap  Blanc. 

Upper  Continental  Rise  OflF  Cap  Blanc 

Sedimentary  strata  beneath  the  upper  conti- 
nental rise  between  100  and  300  km  along  pro- 
file A  (Fig.  4)  have  a  broad  concave-upward 
configuration  extending  to  the  limit  of  seismic 
penetration  at  about  1  km  (1  sec)  subbottom. 
Profile  C  (Figs.  1,  7)  intersects  this  section  of 
profile  A. 

Profile  C  crosses  a  scarp  with  about  1 50  m  of 
topographic  relief  on  the  upper  continental  rise. 
The  scarp  can  be  traced  downdip  as  a  fault  plane 
which  extends  at  least  2  km  through  the  under- 
lying sedimentary  strata.  The  relative  vertical 
component  of  displacement  along  the  fault  has 
been  down  to  the  southwest  as  deduced  from 
the  topographic  scarp.  The  association  of  the 
fault  with  a  broad  100-y  step  in  the  residual 
magnetic  profile  indicates  that  magnetic  base- 
ment is  involved  in  the  faulting.  An  azimuth 
of  109°  ±  5°  is  established  for  the  fault  by 
three  transverse  crossings  about  50  km  apart 
(24°01'N,  18°54'W;  24°07'N,  19°19'W; 
24°10'N,  19°24'W).  The  position  and  azimuth 
of  the  fault  coincide  with  the  eastward  projec- 
tion of  a  fracture  zone  which  crosses  the  axis  of 
the  Mid-Atlantic  Ridge  near  30°05'N,  42°30'W 
(Fig.  1),  where  the  ridge  axis  appears  to  have 
right-lateral  offset  of  about  100  km  (Heezen 
and  Tharp,  1968);  the  projection  of  the  frac- 
ture zone  westward  from  the  Mid-Atlantic  Ridge 
intersects  the  New  England  Seamount  Chain. 
A  right-lateral  offset  of  about  100  km  is  ob- 
served in  the  position  of  the  magnetic  boundary 
and  the  N-S-trending  band  of  linear  residual 
magnetic  anomalies  north  and  south  of  the  fault 
(Rona  et  al.,  1969).  The  broad  concave-upward 
configuration  of  strata  observed  beneath  the  up- 
per continental  rise  in  profile  A  may  be  fold- 
ing produced  by  motion  along  this  fault. 

The  fault  may  be  one  of  a  class  of  faults  des- 
ignated '"transform"  (Wilson,  1965).  Where 
crossed  in  profile  C  (Fig.  7)  it  is  about  500  km 
south  and  parallel  with  the  eastward  projection 
of  an  inferred  mid-Paleozoic  right-lateral  fault 
which  may  extend  from  the  Appalachian  fold 
belt  through  the  New  England  Seamount  Chain 
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(Drake  and  Woodward,  1963)  and  which  may 
have  joined  the  South  Atlas  fault  before  conti- 
nental drift  (Drake  et  al.,  1968,  Fig.  15).  A 
similar  fracture  zone  is  inferred  to  have  ex- 
tended across  the  Atlantic  in  the  Mesozoic  on 
the  basis  of  geometric  considerations  of  conti- 
nental rotation  during  continental  drift  (LePi- 
chon,  1968,  Fig.  9).  With  the  possible  excep- 
tion of  the  South  Atlas  fault,  the  dominant 
NW-SE  and  NE-SW  directions  of  the  fracture 
system  of  the  African  continent  as  shown  by 
Furon  (1963,  Fig.  3)  do  not  correspond  to  the 
WNW-ESE  directions  of  the  present  fracture 
zones  which  cross  the  Mid-Atlantic  Ridge  (Fig. 
1). 

Lower  Continental  Rise  Off  Cap  Blanc 

The  lower  continental  rise  on  profile  A  (Fig. 
4)  is  underlain  to  at  least  1.5  km  (1.5  sec) 
seismic  penetration  by  sedimentary  strata  with 
the  configuration  of  undulations.  The  undula- 
tions have  wavelengths  of  about  20  km  and  are 
repeated  in  phase  through  the  overlying  sedi- 
mentary column  up  to  the  sediment-water  in- 
terface, where  some  of  the  crests  underlie  topo- 
graphic highs. 

Profile  D  crosses  the  lower  continental  rise 
near  where  the  undulations  are  seen  on  profile 
A  (Figs.  1,8).  Bodies  with  nearly  conical  cross 
sections  are  buried  to  varied  depths  by  sedi- 
mentary strata  which  reach  a  thickness  of  at 
least  1.5  km  (1.5  sec).  The  bases  of  the  bodies 
continue  to  diverge  downward  at  the  limit  of 
seismic  penetration  beneath  the  bottom.  Some 
of  the  bodies  have  pierced  overlying  sedimen- 
tary strata  and  form  topographic  highs  with  re- 
lief up  to  about  225  m  as  seen  at  100  km; 
other  bodies  are  buried  and  lack  topographic 
expression.  The  fact  that  individual  bodies  can- 
not be  correlated  between  adjacent  seismic  pro- 
files indicates  that  they  are  more  circular  than 
elongate  in  map  view  (Rona,  1969b).  Sedimen- 
tary strata  have  a  convex-upward  configuration 
above  the  crests  of  the  buried  bodies  and  a 
concave-upward  configuration  between  them. 
The  concave  configuration  between  bodies  gen- 
erally decreases  upward  toward  the  sediment- 
water  interface.  The  sedimentary  strata  main- 
tain a  nearly  constant  thickness  over  and  be- 
tween the  buried  bodies,  and  turn  upward  at 
their  margins.  Fault  systems,  apparently  of  ten- 
sional  origin,  have  formed  above  certain  buried 
bodies,  e.f^.,  40  and  70  km  along  the  profile 
shown  (Fig.  8).  The  bodies  generally  are  asso- 
ciated with  low  values  of  magnetic  intensity. 
Profile    D  was   recorded  along   a  north-south 


track  nearly  parallel  with  the  strike  of  magnetic 
anomalies  interpreted  as  remanent  in  this  re- 
gion (Rona  et  al..  1969),  so  the  low  values  of 
magnetic  intensity  associated  with  the  bodies 
may  be  structurally  induced.  Bodies  with  simi- 
lar characteristics  are  observed  on  ail  my  seis- 
mic profiles  which  cross  the  lower  continental 
rise  within  the  area  investigated  between  lats. 
21°N  and  27°N,  and  are  identified  tentatively 
on  a  profile  which  crosses  the  adjacent  abyssal 
plain  (Rona,  1969e,  Fig.  1).  TTie  depth  range 
of  such  bodies  is  from  approximately  4,685  to 
5,670  m  below  sea  level  at  distances  between 
about  650  and  1,300  km  from  the  African 
coast.  No  similar  bodies  are  visible  to  about  1.5 
sec  (1.5  km)  penetration  beneath  the  upper 
continental  rise. 

Two  alternative  interpretations  of  the  bodies 
and  the  configuration  of  surrounding  sedimen- 
tary strata  are  possible.  One  is  that  the  bodies 
are  buried  topographic  features  and  the  config- 
uration of  the  surrounding  sedimentary  strata 
was  produced  by  differential  compaction  of 
sediment  over  the  buried  topography.  Specifi- 
cally, the  bodies  may  be  buried  volcanic  sea- 
mounts  rising  from  layer  2,  the  laver  defined 
by  intermediate  values  of  seismic  velocity  in 
the  ocean  basins. 

This  interpretation  is  considered  unlikely  for 
several  reasons.  First,  the  height  of  the  bodies 
appears  to  be  related  to  the  thickness  of  sedi- 
ment. They  are  not  observed  more  than  1  km 
beneath  the  sediment-water  interface  or  300  m 
above  the  sediment-water  interface.  But  no  reg- 
ular relation  between  height  of  body  and  sedi- 
mentary thickness  would  be  expected  for  to- 
pography on  layer  2  which  ranges  in  height 
from  several  meters  to  several  kilometers. 
Moreover,  the  shapes  of  the  bodies  are  sym- 
metric and  smooth,  contrary  to  expectations  for 
buried  topography;  the  bodies  are  not  asso- 
ciated with  positive  magnetic  anomalies  as  mav 
be  induced  by  topography  involving  magnetic 
rocks;  and  sedimentary  strata  do  not  thin  over 
bodies  and  thicken  between  them  as  would  be 
expected  in  ditferential  compaction,  but  are  of 
nearly  constant  thickness. 

The  second  possible  interpretation  is  that  the 
bodies  intrude  the  sedimentary  strata.  The  de- 
formation of  the  sedimentary  strata  associated 
with  the  bodies  (Rona.  1968)  and  particularly 
the  nearly  constant  thickness  of  strata  over  anil 
between  bodies,  the  abrupt  upturn  of  strata  on 
the  flanks,  and  the  presence  of  faults  above  cer- 
tain bodies  support  this  interpretation. 

The  intrusive  bodies  could  be  either  isjneous 
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intrusive  masses  or  diapirs  containing  salt  or 
day. 

The  low  values  of  magnetic  intensity  asso- 
ciated with  the  bodies  can  be  interpreted  to  in- 
dicate either  low  induced  magnetization  of 
salt-clay  diapirs  or  reversed  remanent  magneti- 
zation in  an  igneous  mass.  The  igneous  in- 
terpretation is  considered  unlikely  because  it 
necessitates  emplacement  of  all  the  bodies  dur- 
ing a  single  period  of  magnetic  reversal  in 
order  for  them  to  record  low  values  of  rema- 
nent magnetic  intensity.  Gravity  data  are  re- 
quired for  an  unequivocal  geophysical  distinc- 
tion between  the  two  types  of  intrusive  bodies 
cited. 

The  seismic  reflection  profiles  resemble  those 
of  unsampled  diapirs  in  the  Mediterranean 
basin  (Glangeaud,  1966;  Glangeaud  et  ah, 
1967;  Hersey,  1965;  Menard  et  al,  1965;  Wat- 
son and  Johnson,  1968)  where  Triassic  evapor- 
ites  are  found  (Gill,  1965),  and  also  profiles  of 
diapirs  in  the  Gulf  of  Mexico  (Moore  and  Cur- 
ray,  1963;  Uchupi  and  Emery,  1968)  of  proba- 
bly Late  Triassic  and  known  Middle  Jurassic 
rock  salt  (Murray,  1961).  The  possible  salt 
diapirs  in  profile  D  are  similar  in  cross-sec- 
tional dimensions  to  those  which  form  the  Sigs- 
bee  Knolls  at  about  3.800  m  below  sea  level 
near  the  middle  of  the  Gulf  of  Mexico  (Ewing 
et  al,  1958;  Worzel  et  al,  1968).  JOIDES 
drilling  has  shown  the  latter  to  be  salt  diapirs 
and  samples  of  caprock  contain  a  probably 
Middle  to  Late  Jurassic  pollen-spore  assem- 
blage (Burk  et  al,  1969).  Diapirs  containing 
Late  Triassic  (Keuper)  and  Jurassic  rock  salt 
are  reported  from  the  Essaouira  and  Aaiun 
basins  (Fig.  1;  Querol,  1966;  Societe 
Cherifienne  des  Petroles,  1966).  In  the  Essa- 
ouira basin  Upper  Triassic  saliferous  red  shales 
(les  argilles  d'Argana)  reach  a  thickness  of 
1,200  m;  in  the  western  Essaouira  basin  near 
the  Moroccan  coast  the  Upper  Triassic  termi- 
nates upward  with  rock  salt  interbedded  with 
numerous  layers  of  basalt.  Offshore  seismic 
work  has  revealed  subcircular  uplifts  with  the 
characteristics  of  salt  diapirs  on  the  continental 
shelf  off  the  Aaiun  basin  (R.  E.  King,  in 
Querol,  1966,  p.  39).  Salt  diapirs  present  in  the 
oflfshore  Senegal  basin  (Figs.  1,  5;  Ayme, 
1965)  are  of  pre-Aptian  age,  "probably  Early 
Jurassic  or  Triassic  like  the  Louann  Salt  of 
Texas-Louisiana"  (J.  M.  Ayme,  personal  com- 
mun.).  Bodies  with  physical  characteristics 
similar  to  those  described  from  profile  D  have 
been  observed  on  the  Cape  Verde  Rise  where 
they  are  interpreted  to  be  salt  diapirs  (Schneider 
etal,  1969). 


Therefore,  geophysical  data  and  regional  ge- 
ology are  consistent  with  the  view  that  the  ob- 
served bodies  (Fig.  8)  are  salt  domes  (Rona, 
1969e).  If  this  interpretation  is  correct  the  salt 
source  beds  must  be  deep  within  the  sedimen- 
tary layer  or  interstratified  with  basalt  layers 
beneath  the  overlying  sedimentary  layer.  The 
minimum  rate  of  ascent  of  those  diapirs  that 
have  reached  the  sediment-water  interface  must 
exceed  the  minimum  rate  of  sediment  accumu- 
lation, which  is  0.5  cm/1,000  year  measured  in 
a  core  containing  Pleistocene  lutite  from  the 
upper  continental  rise  southwest  of  the  Canary 
Islands  (Ericson  et  al,  1961).  At  this  rate,  a 
maximum  time  of  ascent  of  200-600  m.y. 
would  be  required  for  the  salt  to  rise  through 
the  sedimentary  layer,  which  is  1-3  km  thick 
in  the  vicinity  of  the  Canary  Islands  (Dash  and 
Bosshard,  1968).  Diapirism  may  be  suppressed 
beneath  the  upper  continental  rise  by  the  thick 
sedimentary  overburden  (Parker  and  McDow- 
ell, 1955).  The  observed  structures  are  situ- 
ated to  about  700  km  seaward  of  the  magnetic 
boundary  (Fig.  1)  which  is  interpreted  as  an 
isochron  in  the  age  range  of  250-190  m.y. 
(Heirtzler  and  Hayes,  1967;  Schneider  et  al. 
1969)  according  to  the  hypotheses  of  sea-floor 
spreading.  If  a  spreading  rate  of  2  cm/year  is 
assumed,  the  magnetic  sea  floor  underlying  the 
most  seaward  of  these  structures  would  be 
about  35  m.y.  younger  than  that  at  the  mag- 
netic boundary,  or  of  Middle  Jurassic  age. 

Abyssal  Hills  Off  Cap  Blanc 

The  abyssal  plain  off  Cap  Blanc  is  restricted 
to  a  width  of  about  50  km  where  crossed  by 
profile  A  (Fig.  4).  The  stacked  reflections  from 
nearly  horizontally  stratified  interfaces  charac- 
teristic of  turbidite  sequences  of  the  Hatteras 
abyssal  plain  are  practically  absent  here.  The 
abyssal  hills  begin  abruptly  at  925  km  along 
profile  A  as  block-shaped  topographic  forms 
with  steep  sides  that  can  be  traced  at  least  1.5 
km  (1.5  sec)  beneath  the  bottom  at  constant 
inclination. 

Profile  E  crosses  the  abyssal  hills  transverse 
to  the  seaward  end  of  profile  A  (Figs.  1,  9). 
Topographic  blocks  and  troughs  seen  between 
0  and  200  km  along  profile  E  range  in  width 
from  10  to  50  km.  They  are  underlain  by  cor- 
responding blocks  and  troughs  in  the  acoustic 
basement,  which  is  shaded  in  Figure  9.  The  to- 
pographic blocks,  with  relief  of  about  125  m, 
are  mantled  with  acoustically  transparent  sedi- 
ment. The  intervening  troughs  are  filled  with 
sediment.  The  depositional  slopes  at  the  sides 
of  the  blocks  incline  several  degrees.  The  sides 
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of  the  underlying  blocks  in  the  buried  acoustic 
basement  are  characterized  by  diffraction  re- 
turns which  indicate  that  their  inclinations  may 
exceed  45°.  Residual  magnetic  highs  coincide 
with  blocks  and  lows  coincide  with  troughs. 
The  track  of  profile  E  is  nearly  parallel  with 
the  strike  of  regional  magnetic  lineations  inter- 
preted as  remanent  (Rona  et  al.,  1969);  there- 
fore, the  magnetic  anomalies  associated  with 
profile  E  may  be  attributed  to  structurally  in- 
duced magnetization. 

The  blocks  and  troughs  are  interpreted  as 
horsts  and  grabens.  Inferred  relative  vertical 
components  of  motion  are  indicated  with  ar- 
rows in  Figure  9.  Recent  movement  is  evi- 
denced by  deformation  of  sedimentary  layers 
within  the  grabens.  Horsts  and  grabens  have 
been  identified  on  the  Mid-Atlantic  Ridge  at 
22°N  lat.  (Melson  et  al,  1968)  and  on  the 
East  Pacific  and  Gorda  rises  (Atwater  and 
Mudie,  1968;  Menard,  1960).  Their  presence 
suggests  that  the  structures  may  originate  under 
tension  on  a  spreading  oceanic  ridge,  as  inferred 
on  the  East  Pacific  Rise  (Menard  and  Mammer- 
ickx,  1967). 

The  regular  structures  interpreted  as  horsts 
and  grabens  between  0  and  200  km  along  pro- 
file E  are  complicated  by  additional  features 
between  200  and  370  km.  A  volcanic  seamount 
associated  with  a  short-wavelength  magnetic 
high  is  present  between  270  and  280  km  along 
profile  E.  Another  magnetic  high  is  centered  at 
325  km  along  the  profile.  A  magnetic  low  in- 
tervenes between  two  magnetic  highs.  The  vol- 
canic seamount  and  the  adjacent  magnetic  low 
are  where  profile  E  crosses  the  seaward  projec- 
tion of  the  fault  identified  on  the  upper  conti- 
nental rise  in  profile  C  (Fig.  7). 

Inferred  Mesozoic  and  Cenozoic  History 
OF  Continental  Margins  Off  Cape 
Hatteras  and  Cap  Blanc 

Atlantic  Ocean  Basin 

Atlantic  oceanic  circulation  in  the  Triassic 
and  Early  Jurassic  was  restricted  by  the  in- 
ferred former  positions  of  the  continents.  A  fit 
between  west  Africa  and  South  America  is 
fixed  in  space  by  the  matching  of  lithologic  age 
provinces  and  geologic  structures  (Allard  and 
Hurst,  1969;  Hurley  et  al..  1967)  and  compar- 
ative stratigraphy  indicates  that  the  two  conti- 
nents were  nearly  contiguous  until  the  Creta- 
ceous (Martin,  1961,  1968).  A  Paleozoic  fit 
between  Newfoundland  and  the  British  Isles  is 
supported  by  the  alignment  of  principal  tec- 
tonic   and    stratigraphic    belts    (Kay,    1968), 


whereas  the  contiguity  of  Northern  Europe, 
Greenland,  and  Laborador  until  about  70  m.y. 
ago  follows  from  remanent  magnetic  anomalies 
(Avery  et  al.,  1968;  Mayhew  et  al.,  1968). 

During  the  Late  Triassic  and  Jurassic, 
the  Atlantic  between  the  east  coast  of  North 
America  and  the  northwest  coast  of  Afric* 
may  have  been  a  restricted  sea  analogous  to  the 
Dead  Sea  during  the  Plio-Pleistocene,  when 
1-4  km  of  rock  salt  was  deposited  (Neev  and 
Emery,  1967).  The  paleolatitudes  of  northwest 
Africa  during  the  Late  Triassic  and  Early  Jur- 
assic nearly  coincide  with  the  present  latitudes, 
and  the  present  latitudes  of  northwest  Africa 
bracket  the  predominant  climatic  zone  for 
evaporite  deposition  (Irving,  1964,  Fig.  9.47). 

The  northwest  African  coastal  basins  appar- 
ently lack  distinct  seaward  structural  termina- 
tions. During  the  Late  Triassic  and  Juras- 
sic, when  evaporites  were  being  deposited  in 
the  coastal  basins,  suitable  conditions  for  evap- 
orite deposition  may  have  extended  at  least 
1,300  km  seaward  of  the  present  northwest  Af- 
rican coast,  which  is  the  distance  of  the  farthest 
seaward  possible  salt  diapir  observed  (Rona, 
1969e).  From  considerations  of  symmetry 
about  the  magnetic  boundary,  the  restricted  At- 
lantic sea  may  have  been  twice  this  width  or  at 
least  2,600  km  wide  measured  between  Cape 
Hatteras  and  Cap  Blanc  (Fig.  10).  The  evi- 
dence for  a  proto- Atlantic  about  1.000  km 
wide  at  the  magnetic  boundaries  oft'  Cape  Hat- 
teras and  Cap  Blanc  (Drake  et  al..  1968,  Fig. 
15)  is  consistent  with  a  restricted  Atlantic  sea. 
and  may  represent  an  earlier  stage  of  develop- 
ment. According  to  Arkell  (1956,  p.  605), 
"The  evidence  from  Jurassic  stratigraphy  re- 
quires the  existence  in  Jurassic  times  of  the 
North  Pacific,  North  Atlantic,  Scandic  and 
Arctic  oceans;  it  has  nothing  to  contribute  to 
the  existence  or  non-existence  of  the  South  At- 
lantic." 

This  restricted  Atlantic  sea  mav  have  in- 
cluded or  been  temporarily  connected  with  the 
evaporite  basins  which  produced  rock  salt  in 
the  Gulf  of  Mexico  and  the  Mediterranean. 
Like  the  salt  in  the  Dead  Sea,  which  is  the  first 
sediment  restricted  to  the  Dead  Sea  graben 
(Neev  and  Emery,  1967),  the  salt  in  the  .Atlan- 
tic sea  mav  have  been  deposited  initially  within 
the  tectonic  setting  provided  by  the  Late  Trias- 
sic rifting,  evidence  of  which  is  provided  bv 
block  faulting  of  that  age  parallel  with  the  mar- 
gin of  eastern  North  .America  and,  possibly,  the 
margin  of  northwestern  Africa.  The  interred 
rock  salt  beds  in  the  Atlantic  may  be  partially 
interbedded   with    Late   Triassic    and   Jurassic 
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Fig.  10. — Interpretive  sketch  of  Atlantic  sea  re- 
stricted by  inferred  positions  of  continents  during 
Jurassic  time.  Cross  marks  region  of  possible  salt 
diapirs. 


basalt  as  observed  in  the  western  Essaouira  basin 
and  may  be  of  comparable  thickness. 

The  deposition  of  thick  salt  in  the  restricted 
Atlantic  sea,  as  in  the  Dead  Sea,  would  have 
required  a  saline  source  and  would  imply  a  lim- 
ited connection  between  the  restricted  Atlantic 
sea  and  an  exterior  ocean.  The  presence  in  the 
Late  Jurassic  (Tithonian)  of  deep-water  lime- 
stones on  the  Cape  Verde  Islands  (Colom, 
1955;  Pires  Soares,  1948,  1953;  Sousa  Torres 
and  Pires  Soares,  1946;  Stahlecker,  1934),  pos- 
sibly on  the  eastern  Canary  Islands  (Rothe, 
1968),  and  east  of  the  Bahamas  ( Ewing,  1969), 
together  with  the  deposition  of  marine  lime- 
stones in  the  northwest  African  coastal  basins 
(Querol,  1966),  indicate  that  the  restriction  on 
the  Atlantic  must  have  opened  by  that  time.  The 
opening  of  the  barrier  may  have  resulted  from 
acceleration  in  the  subsidence  of  the  opposing 
continental  margins  and  adjacent  ocean  basin 
in  the  Late  Jurassic. 


Rock  salt  deposits  should  be  present  beneath 
and  seaward  of  the  continental  margin  of  east- 
ern North  America,  corresponding  in  space  and 
time  to  the  rock  salt  deposits  of  northwestern 
Africa.  In  particular,  Jurassic  rock  salt  deposits 
should  be  present  seaward  of  Cape  Hatteras. 
Although  salt  diapirs  had  not  been  reported 
from  the  continental  margin  or  adjacent  ocean 
basin  off  eastern  North  America,  the  presence 
of  such  structures  had  been  anticipated  by  the 
writer.  Recently,  McKelvey  and  Wang  (1969) 
have  shown  salt  diapirs  on  the  Grand  Banks 
south  of  Newfoundland.  The  Louann  Salt  of 
Jurassic(?)  age  may  extend  from  the  Gulf  of 
Mexico  coastal  plain  into  northwestern  Florida 
(Marsh,  1967)  and  minor  rock  salt  deposits 
are  reported  in  the  Lower  Cretaceous  of  south- 
western Florida.  The  Upper  Triassic  redbeds  of 
Connecticut  were  originally  evaporitic  in  char- 
acter, as  evidenced  by  molds  of  salt  and  gyp- 
sum crystals  in  cavities  (Cushman,  1964).  An- 
hydrite beds  are  found  in  the  Upper  Juras- 
sic (?)  of  the  ESSO  Hatteras  Light  Well  No.  1 
and  the  Lower  Cretaceous  of  the  North  Caro- 
lina ESSO  Well  No.  2  (Swain,  1952).  Thicken- 
ing of  evaporite  deposits  seaward  of  the  coastal 
plain  is  indicated  by  two  lines  of  evidence. 
First,  the  Jurassic(?)  and  Lower  Cretaceous 
anhydrite  beds  interfinger  increasingly  with 
redbeds  in  a  seaward  direction  in  the  Cape 
Hatteras  region  (P.  M.  Brown,  in  Manheim 
and  Horn,  1968,  p.  230)  The  second  line  of 
evidence  concerns  salmity  and  dissolved  solids 
of  interstitial  waters  from  coastal-plain  wells 
(Manheim  and  Horn,  1968).  Salt  concentra- 
tions greater  than  100,000  ppm  are  found  in 
pre-Late  Cretaceous  strata  in  the  Salisbury  em- 
bayment  (Maryland  and  Delaware),  Hatteras 
embayment,  southernmost  Georgia,  and  be- 
neath the  coast  of  Florida.  The  very  saline  in- 
terstitial waters  generally  are  observed  within, 
or  near,  sequences  of  evaporitic  sediments  and 
redbeds  (varicolored  shales,  sandstones,  and 
oolitic  limestones).  Relatively  high  concentra- 
tions of  Na  and  CI  were  measured  in  the  inter- 
stitial waters  from  the  ESSO  Hatteras  Light 
Well  No.  1.  The  very  saline  interstitial  waters 
may  have  moved  updip  from  better  developed 
evaporitic  facies  (Jurassic?)  seaward  of  the 
coastal  plain. 

Continental  Margins 

The  sequences  of  depositional  environments 
on  the  opposing  continental  terraces,  as  in- 
ferred from  lithology  and  paleontology,  are 
similar     from     Jurassic  (?)     through     Tertiary 
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(Table  2).  The  environment  of  deposition  is 
influenced  by  the  relative  rates  of  sediment  sup- 
ply and  subsidence,  as  well  as  by  eustatic 
changes  in  sea  level.  A  high  rate  of  seaward 
subsidence  of  the  continental  terrace  relative  to 
sediment  supply  or  a  eustatic  rise  in  sea  level 
would  result  in  an  increase  in  water  depth  (ma- 
rine transgression)  and  vice  versa  (marine 
regression).  The  effect  of  a  change  in  rate  of 
subsidence  presumably  would  be  limited  geo- 
graphically and  that  of  a  eustatic  change  in  sea 
level  would  be  worldwide. 

The  two  continental  terraces  simultaneously 
underwent  moderately  fast  mean  rates  of  subsi- 
dence (1.9-2.3  cm/ 1,000  year)  during  Late 
Jurassic  marine  transgression,  changing  from 
the  predominantly  evaporitic  and  continental 
environments  of  the  Triassic  and  Early  Jurassic 
to  a  predominantly  marine  environment.  A  dis- 
crepancy in  thicknesses  of  Lower  Cretaceous 
strata  indicates  a  relatively  fast  mean  rate  of 
subsidence  at  Cape  Hatteras  (2.6  cm/ 1,000 
year)  and  an  anomalously  fast  mean  rate  near 
Cap  Blanc  (8.8  cm/1,000  year)  accompanied 
by  marine  transgression  that  produced  shal- 
low-water marine  environments.  Interfingering 
continental  and  marine  beds  in  the  lower 
Upper  Cretaceous  indicate  alternating  condi- 
tions of  marine  regression  with  transgression. 
The  mean  rates  derived  for  the  Upper  Creta- 
ceous (2.5-3.8  cm/1,000  year)  indicate  rela- 
tively fast  subsidence  accompanied  simulta- 
neously by  marine  transgression  and  shallow- 
water  nearshore  environments.  The  slowest 
mean  subsidence  rates  for  both  continental  ter- 
races are  derived  for  the  Tertiary  (1.3-0.9 
cm/ 1,000  year),  when  a  shallow-water  marine 
environment  prevailed  through  the  late  Eocene 
(Lutetian?),  followed  by  marine  regression  and 
continental  deposition  (Continental  Terminal) 
on  large  areas  of  west  Africa  until  the  Quater- 
nary (Haughton,  1963).  Unconformable  sur- 
faces on  upper  Eocene,  upper  Oligocene,  and 
upper  Miocene  strata  of  the  two  continental 
margins  (de  Spengler  et  a!.,  1966;  Querol, 
1966;  Societe  Cherifienne  des  Petroles,  1966; 
Swain,  1952)  represent  intervals  of  nondeposi- 
tion  and  erosion. 

Relation  Between  Atlantic  Ocean  Basin 
and  Opposing  Continental  Margins 

The  Mesozoic  and  Cenozoic  stratigraphic 
history  of  the  continental  margins  in  the  vicini- 
ties of  Cape  Hatteras  and  Cap  Blanc  appears  to 
correlate  with  what  is  known  of  the  strati- 
graphic  history  of  the  adjacent  ocean  basin.  As 


discussed,  conditions  for  evaporite  deposition 
may  have  extended  from  coastal  basins  into  the 
adjacent  ocean  basin  during  the  Late  Triassic 
and  Jurassic.  The  establishment  of  a  nor- 
mal marine  environment  on  the  opposing  conti- 
nental margins  in  the  Late  Jurassic  occurred 
when  deep-water  sediments  were  deposited  ini- 
tially in  the  adjacent  ocean  basin,  as  inferred 
from  sediments  sampled  in  the  Cape  Verde  and 
Canary  Islands  and  east  of  the  Bahamas. 

Lower  Cretaceous  (Neocomian)  algal  calcar- 
enites  dredged  from  5  km  water  depth  near  the 
base  of  the  Blake  escarpment  have  subsided 
from  a  shallow-water  environment;  Aptian-AI- 
bian  calcilutites  obtained  from  water  depths  of 
less  than  3  km  mark  the  establishment  of  a 
deeper  water  environment  (Heezen  and  Sheri- 
dan, 1966).  A  shallow-water  Lower  Cretaceous 
fauna  (Hauterivian-Barremian),  possibly  allo- 
genic, and  a  deep-water  Upper  Cretaceous 
fauna  (Cenomanian)  were  sampled  in  sediment 
cores  east  of  the  Bahamas  from  a  water  depth 
of  about  5  km  (Habib,  1968;  Windisch  et  al., 
1968). 

Abundant  chert  and  siliceous  shale  have  been 
sampled  in  Paleocene-Eocene  sediments  be- 
neath Cape  Hatteras  (Swain,  1952),  beneath 
the  ocean  basin  between  Cape  Hatteras  and 
Cap  Blanc  (Peterson,  1969),  on  the  Canary 
and  Cape  Verde  Islands  (Rothe,  1968),  and 
beneath  the  coastal  basins  of  the  northwest  Af- 
rican continental  margins  (Querol,  1966; 
Socete  Cherifienne  des  Petroles,  1966).  The 
widespread  occurrence  of  silica  indicates  that 
similar  physicochemical  conditions  simulta- 
neously prevailed  at  the  opposing  continental 
margins  and  the  adjacent  ocean  basin  during 
the  Paleocene-Eocene.  Worldwide  volcanism 
may  have  provided  a  widespread  source,  and 
patterns  of  vigorous  oceanic  circulation,  estab- 
lished in  the  early  Cenozoic  after  the  inferred 
opening  of  the  northernmost  Atlantic  and  the 
South  Atlantic  (Rona,  1969d),  may  have  dis- 
tributed the  silica  in  the  oceans. 

The  possible  Late  Triassic-Jurassic  salt  de- 
posits in  the  deep  ocean  basin  off  northwest 
Africa,  the  Jurassic(?)  through  Eocene  strati- 
graphic  similarities,  and  structural  relations  be- 
tween the  eastern  Canarv  and  Cape  N'erde  Is- 
lands and  the  coastal  basins  together  support  the 
following  regional  synthesis. 

1.  Upper  Triassic  through  Eocene  strata  lat- 
erally equivalent  to  strata  in  the  coastal  basins 
may  have  .subsided  beneath  the  entire  continen- 
tal terrace  and  continental  rise  in  an  area  at 
least  1,700  km  long  between  the  Canary  and 
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Cape  Verde  Islands,  at  least  200  km  wide  be- 
tween Fuerteventura  and  the  Aaiun  basin,  and 
at  least  900  km  wide  between  Maio  and  the 
Senegal  basin.  The  eastern  Canary  and  Cape 
Verde  Islands  may  be  parts  of  fault  blocks  that 
have  undergone  vertical  uplift  resulting  in  ex- 
posure of  the  Jurassic  through  Eocene  strata. 

2.  The  folded  strata  on  the  Canary  and  Cape 
Verde  Islands  may  have  been  deformed  by 
movements  of  the  fault  blocks  that  are  inferred 
to  form  the  islands. 

Alternatively,  the  folded  strata  may  be  seg- 
ments of  a  fold  belt  continuous  with  the  folded 
strata  beneath  the  continental  shelf  between  the 
Canary  Islands  and  the  Strait  of  Gibraltar.  The 
Eocene  (Lutetian?)  age  of  the  youngest  in- 
volved strata  indicates  that  the  folding  is  re- 
lated to  Alpine  diastrophism.  Uplift  of  the 
strata  in  fault  blocks  may  have  occurred  during 
tensional  relaxation  following  crustal  compres- 
sion. Upper  Eocene  sandstones  in  the  Essaouira 
and  Aaiun  basins  may  mark  initial  stages  of 
uplift. 

Barbados  Island  in  the  Venezuela-Trinidad- 
Tobago  fold  belt  may  provide  an  analog  to  the 
folded-uplifted  strata  of  the  Canary  and  Cape 
Verde  Islands.  A  sedimentary  section  is  ex- 
posed on  Barbados  similar  to  that  underlying 
the  adjacent  deep  ocean  basin  (Beckman, 
1953;  Peterson,  1969,  JOIDES  Site  27;  Senn, 
1940,  1947;Trenchmann,  1933). 

The  stratigraphic  record  available  suggests 
that  the  opposing  continental  margins  and  adja- 
cent parts  of  the  intervening  ocean  basin  sub- 
sided simultaneously  during  most  of  the  Meso- 
zoic  and  Cenozoic.  The  continental  crust  un- 
derlying the  continental  margins  has  behaved 
as  if  vertically  coupled  to  the  adjacent  oceanic 
crust.  The  stratigraphic  evidence  for  vertical 
coupling  is  supported  by  the  aseismic  character 
of  the  Atlantic  continental  margins  (Barzangi 
and  Dorman,  1968),  which  indicates  that  dif- 
ferential movement  between  continental  and 
oceanic  crust  is  now  negligible. 

Epeirogeny  and  Sea-Floor  Spreading 

According  to  the  hypothesis  of  sea-floor 
spreading,  the  deep  sea  floor  is  supposed  to  be 
coupled  horizontally  to  the  opposing  Atlantic 
continental  margins  and  is  moving  the  Atlantic 
continents  apart  as  new  sea  floor  is  generated 
symmetrically  at  the  Mid-Atlantic  Ridge 
(Holmes,  1931;  Hess,  1962;  Dietz,  1961).  Ver- 
tical coupling  between  the  continental  margins 
and  the  spreading  sea  floor  is  open  to  question. 

The    mean   subsidence    rates   derived    from 


stratigraphic  thicknesses  on  the  opposing  conti- 
nental margins  are  about  10^'  of  the  rates  of 
sea-floor  spreading  estimated  from  magnetic 
anomalies  according  to  the  Vine  and  Matthews 
(1963)  hypothesis.  Rates  of  crustal  spreading 
of  1-5  cm/year  away  from  the  Mid-Atlantic 
Ridge  have  been  estimated  (Pitman  and  Heirt- 
zler,  1966).  If  the  magnetic  boundary  off  Cape 
Hatteras  and  Cap  Blanc  is  interpreted  as  a 
200-m.y.  isochron,  the  mean  rate  of  spreading 
from  the  Late  Triassic  to  Quaternary  would  be 
about  L2  cm/year.  Mean  rates  of  subsidence 
of  the  opposing  continental  terraces  during  the 
same  time  interval  are,  respectively,  1.9  and  3.3 
cm/1,000  year  (Table  2). 

Tectonic  processes  generally  are  episodic.  If 
the  deep  sea  floor  is  coupled  vertically  to  the 
continental  margin,  discontinuities  in  the  pro- 
cesses of  continental-margin  subsidence  and 
sea-floor  spreading  should  be  symmetric  in 
space  and  simultaneous  within  the  time  con- 
stants of  the  processes  involved.  Discontinuities 
inferred  in  the  rate  of  sea-floor  spreading  dur- 
ing the  Mesozoic  and  Tertiary  in  the  North  At- 
lantic compare  with  the  subsidence  history  of 
the  opposing  continental  margins,   as  follows. 

1.  An  active  phase  of  Atlantic  sea-floor 
spreading  is  inferred  to  have  begun  in  the  Me- 
sozoic (LePichon,  1968),  when  accelerated 
subsidence  of  the  opposing  continental  margins 
commenced. 

2.  A  mean  spreading  rate  of  3.3-3.8  cm/ 
year  is  estimated  from  120  to  70  m.y.  aco  be- 
tween lats.  20°N  and  40°N  (LePichon,  f968). 
Mean  rates  of  subsidence  of  2.5-3.8  cm/1,000 
year  are  derived  from  102  to  70  m.y.  ago  for 
the  Cape  Hatteras  and  Cap  Blanc  continental 
terraces  (Table  2). 

3.  A  major  change  in  the  pattern  of  Atlantic 
sea-floor  spreading  between  the  Mesozoic  and 
Cenozoic  is  inferred  from  discrepancies  in  di- 
rection between  theoretical  lines  of  flow  and 
present  fracture  systems  (Morgan,  1968).  A 
major  change  in  mean  continental-margin  sub- 
sidence rates  occurred  between  the  Mesozoic 
and  Cenozoic  (Table  2). 

4.  A  Tertiary  lapse  in  the  spreading  of  the 
Mid-Atlantic  Ridge  between  about  40  and  10 
m.y.  ago  (late  Eocene  and  late  Miocene)  is  de- 
duced from  systematic  discontinuities  in  topog- 
raphy, sediment  thickness,  age  of  crust,  mag- 
netic symmetry,  and  heat  flow  with  distance 
away  from  the  axis  of  the  ridge  between  lats. 
10°N  and  45°N  (Ewing  and  Ewing,  1967; 
Langseth  et  al.,  1966;  Schneider  and  Vogt, 
1968).  A  lapse  in  spreading  is  defined  as  an  in- 
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terval  during  which  sea-floor  spreading  deceler- 
ates, stops,  starts,  and  accelerates.  A  marked 
decrease  in  the  mean  subsidence  rates  and  pos- 
sible post-late  Eocene  lapses  in  subsidence  are 
inferred  from  the  Tertiary  stratigraphy  of  the 
opposing  continental  margins  (Table  2). 

The  comparisons  suggest  that,  to  a  first  ap- 
proximation, the  mean  subsidence  rates  of  the 
opposing  continental  margins  and  the  inferred 
mean  spreading  rates  of  the  intervening  sea 
floor  have  varied  in  unison  during  much  of  the 
Mesozoic  and  Cenozoic.  This  apparent  covaria- 
tion is  consistent  with  the  stratigraphic  and 
seismologic  data  cited  which  indicate  that  the 
opposing  continental  margins  and  adjacent  ba- 
sins have  behaved  as  if  vertically  coupled. 

If  continental  crust  is  coupled  both  horizon- 
tally and  vertically  to  oceanic  crust  in  the  area 
investigated,  it  is  obvious  that  convective  trans- 
fer of  material  could  not  involve  differential 
movement  between  the  two.  Any  convection 
beneath  the  continental  margin  would  be  sub- 
crustal.  The  apparent  covariation  of  mean  rates 
of  marginal  subsidence  and  inferred  mean  rates 
of  sea-floor  spreading  would  favor  explanation 
by  in  situ  material  volume  changes  produced 
by  thermal  and  phase  changes.  Steady-state 
thermal-expansion  models,  which  attribute 
uplift  of  the  Mid-Atlantic  Ridge  to  heat  sup- 
plied by  igneous  intrusions,  indicate  subsidence 
rates  at  the  ridge  flanks  of  the  same  order  of 
magnitude  as  at  the  opposing  continental  mar- 
gins (Langseth  et  al.,  1966;  Schneider  and  Vogt, 
1968).  Symmetric  subsidence  of  the  opposing 
continental  margins  would  then  be  controlled  by 
subsidence  of  the  adjacent  ocean  basin  as  the 
opposing  continental  blocks  move  down  the 
flanks  of  the  ridge  in  response  to  bilateral 
spreading  of  the  intervening  sea  floor.  If  the 
Mid-Atlantic  Ridge  is  considered  a  heat  source 
and  the  opposing  continental  margins  heat  sinks, 
nonsteady-state  thermal  expansion  at  the  ridge 
attributable  to  discontinuities  in  sea-floor 
spreading  would  be  communicated  as  changes 
in  subsidence  (or  uplift)  rates  at  the  continen- 
tal margins  within  the  time  constants  of  the 
processes  involved.  A  lapse  in  sea-floor  spread- 
ing, thermal  contraction  at  the  ridge  caused  by 
a  decrease  in  the  rate  of  heat  supplied,  eustatic 
lowering  of  sea  level  resulting  from  subsidence 
of  the  ridge,  and  symmetric  decrease  in  subsi- 
dence rate  of  the  opposing  continental  margins 
all  should  be  related.  Deciphering  the  precise 
relations  will  require  detailed  measurements 
and  statistical  studies  of  the  sedimentary  and 
magnetic  stratigraphy. 


Orogeny  and  Sea-Floor  Spreading 

The  logic  of  plate  tectonics  may  be  applied 
to  the  southern  Appalachian  and  Mauritanidcs 
mountain  systems.  The  conditions  that  must  be 
satisfied  are  ( 1 )  broadly  symmetric  develop- 
ment in  space  and  time  of  the  two  mountain 
systems  and  (2)  almost  mirror-image  compres- 
sional  folding  of  the  two  mountain  systems 
after  the  Devonian  within  the  Paleozoic. 

According  to  the  principles  of  plate  tecton- 
ics, the  loci  of  compressional  systems  are  the 
leading  boundaries  of  moving  blocks  where 
these  boundaries  impinge  against  other  blocks 
(Morgan,  1968).  The  compression  may  be  ex- 
pressed as  a  trench  or  as  a  folded  mountain 
range  (Isacks  et  al.,  1968,  Fig.  2).  The  appar- 
ently simultaneous  compression  that  produced 
the  folding  in  the  Appalachian  and  Maurita- 
nide  mountain  systems  implies  that  the  motion 
of  the  North  American  and  African  blocks  was 
convergent  during  the  late  Paleozoic.  An  Atlan- 
tic at  feast  large  enough  to  accommodate  the 
marine  deposits  of  the  Appalachian  and  north- 
west African  geosynclines  must  have  existed  in 
early  and  middle  Paleozoic  times. 

The  tension  rifting  that  occurred  during  the 
Triassic  is  evidence  of  change  to  divergent  mo- 
tion between  the  North  American  and  African 
blocks.  The  change  from  predominantly  conti- 
nental and  evaporitic  conditions  on  the  oppos- 
ing continental  margins  and  intervening  re- 
stricted Atlantic  sea  during  the  Triassic  and 
Early  Jurassic  to  a  normal  marine  environment 
in  the  Late  Jurassic  apparently  was  produced 
by  accelerated  subsidence  related  to  accelerated 
divergent  motion.  Magnetic  and  seismologic  in- 
terpretations according  to  the  hypothesis  of 
sea-floor  spreading  suggest  that  motion  between 
the  North  American  and  African  blocks  has 
been  divergent  throughout  the  Mesozoic  and 
Cenozoic  (Heirtzler  et  al.  1968)  and  is  now  di- 
vergent (Sykes,  1968). 

The  estimated  time  of  initiation  of  the  in- 
ferred Tertiarv  lapse  in  crustal  spreading  from 
the  Mid-Atlantic  Ridge  about  40  m.y.  ago  coin- 
cides with  the  initiation  of  .Mpine  orogenic 
movements  on  the  northwest  .African  continen- 
tal margin.  The  northern  margin  of  the  African 
block  moving  generally  eastward  may  have 
impinced  against  the  southern  margin  of  the 
Eurasian  block  moving  southeastward  to  pro- 
duce the  compressional  stress  field  required  for 
the  observed  folding  on  the  northwest  .African 
continental  margin.  A  compressive  period  cul- 
minated in  the  Oligocene  and  Miocene  in  the 
Mediterranean  (Glangeaud.   1962).  Strata  un- 
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derlying  the  narrow  southern  California  conti- 
nental terrace  appear  to  be  folded  in  a  manner 
similar  to  that  of  strata  underlying  the  north- 
west African  continental  margin  north  of  the 
Canary  Islands  (McMaster  and  Lachance, 
1968;  Moore,  1960).  A  compressional  stress 
field  may  have  been  produced  on  the  California 
continental  margin  by  resistance  to  westward 
motion  when  the  western  border  of  North 
America  overrode  the  adjacent  Pacific  trench 
system  (Hamilton  and  Myers,  1966)  and  the 
East  Pacific  Rise  (Menard,  1964;  Vine,  1966; 
Wilson,  1965).  The  resistance  offered  by  either 
the  northwestern  continental  margin  of  Africa 
or  the  western  continental  margin  of  North 
America,  or  both,  during  the  Eocene  may  have 
contributed  to  the  slowing  and  temporary  stop- 
ping of  the  sea-floor  spreading  from  the  Mid- 
Atlantic  Ridge.  Consideration  of  thermal  iner- 
tia and  crustal  geometry  suggests  that  the  dura- 
tion of  a  spreading  lapse  may  have  been  about 
30  m.y.  (Oliver  and  Isacks,  1967).  The  active 
spreading  is  inferred  to  have  resumed  in  the 
Atlantic  about  10  m.y.  ago  (Ewing  and  Ewing, 
1967;  Langseth  et  al.,  1966;  Schneider  and 
Vogt,  1968)  and  the  direction  of  spreading  in 
the  northeast  Pacific  changed  within  the  last  10 
m.y.  (Vine,  1966).  The  next  orogenic  episode 
to  compress  the  Mesozoic  and  Cenozoic  sedi- 
mentary strata  of  the  opposing  continental  mar- 
gins will  occur  when  the  motion  of  the  North 
American  and  African  blocks  again  becomes 
convergent. 

Conclusions 

1.  The  opposing  continental  margins  of  Cape 
Hatteras  and  of  Cap  Blanc  (Fig.  1)  appear 
asymmetric  with  respect  to  Cenozoic  tectonic 
frameworks.  Sedimentary  strata  underlying  the 
coastal  plain,  continental  terrace,  and  continen- 
tal rise  in  the  vicinity  of  Cape  Hatteras  are  pre- 
dominantly undeformed,  except  by  superficial 
gravitational  processes  acting  above  Horizon  A 
(Late  Cretaceous-Eocene;  Figs.  2,  3).  Sedimen- 
tary strata  underlying  the  corresponding  phy- 
siographic provinces  in  the  vicinity  of  Cap 
Blanc  are  deformed  by  the  following  deep  struc- 
tural processes  (Figs.  1,  4). 

a.  Compressional  structures.  Intense  folding  involves 
Jurassic  through  upper  Eocene  sedimentary  strata  on 
the  chiefly  volcanic  Cape  Verde  Islands,  Jurassic  (?) 
through  upper  Eocene  sedimentary  strata  on  the  east- 
ern Canary  Islands,  and  strata  beneath  the  continental 
terrace  between  the  Canary  Islands  and  the  Strait  of 
Gibraltar. 

b.  Tensional  structures.  An  active  WNW-ESE-trend- 
ing  fault,  coincident  with  the  eastward  projection  of  a 
fracture  zone  from  the  Mid-Atlantic  Ridge,  exhibits  a 


normal  component  of  displacement  associated  with 
folding  and  volcanism  where  the  fault  crosses  the  abys- 
sal hills  and  the  continental  rise  off  Cap  Blanc  (Figs. 
4,  7,  9).  Down-to-basin  block  faulting  related  to  sea- 
ward subsidence  occurs  along  fracture  zones  inferred 
to  trend  regionally  parallel  with  the  continental  mar- 
gin. The  abyssal  hills  are  interpreted  to  be  active  horsts 
and  grabens  (Fig.  9). 

c.  Volcanism.  Considered  extinct  off  Cape  Hatteras 
since  the  early  Cenozoic,  volcanism  has  been  active  on 
the  continental  rise  off  Cap  Blanc,  including  the  Cape 
Verde  and  Canary  Islands,  at  least  from  Oligocene 
through  Holocene  times.  Volcanic  islands  and  sea- 
mounts  are  aligned  along  eastward  projections  of  frac- 
ture zones  from  the  Mid-Atlantic  Ridge  (Fig.  1).  The 
active  volcanism  on  the  northwest  African  continental 
rise  may  exemplify  the  concept  of  a  eugeosyncline  as  a 
surface  that  has  subsided  deeply  in  a  belt  having  active 
volcanism  (Kay,  1951,  p.  4;  Stille,  1940,  p.  15). 

d.  Diapirism.  Intrusive  bodies  have  deformed  strata 
beneath  the  lower  continental  rise  and  are  interpreted 
as  diapirs  containing  rock  salt  correlative  with  Late 
Triassic-Jurassic  evaporites  which  form  salt  dia- 
pirs in  the  northwest  African  coastal  basins  (Fig.  8). 
An  Atlantic  sea  about  2,600  km  wide  restricted  by  the 
Jurassic  positions  of  the  continents  is  postulated  to  ac- 
count for  the  evaporite  deposition  (Fig.  10). 

Crystalline  basement  behaves  coherently  be- 
neath the  coastal  plain,  continental  terrace,  and 
the  continental  rise  in  the  vicinity  of  Cape  Hat- 
teras. Crystalline  basement  behaves  incoher- 
ently beneath  the  corresponding  provinces  in 
the  vicinity  of  Cap  Blanc  where  basement  frac- 
turing and  displacement  occur.  Major  fracture 
directions  off  northwest  Africa  are  inferred  to 
be  WNW-ESE,  coincident  with  trends  of  frac- 
ture zones  which  cross  the  Mid-Atlantic  Ridge, 
and  NNE-SSW  nearly  parallel  with  the  conti- 
nental margin  (Fig.  1). 

The  Cenozoic  structural  deformation  of  the 
northwest  African  continental  margin  is  related 
to  Alpine  tectonic  activity  which  did  not  affect 
the  continental  margin  off  Cape  Hatteras. 

2.  The  opposing  continental  margins  in  the 
vicinities  of  Cape  Hatteras  and  Cap  Blanc  ap- 
pear broadly  symmetric  with  respect  to  (a)  dis- 
tribution of  physiographic  provinces,  with  the 
exception  of  the  lower  continental  rise  hills 
which  have  not  been  observed  off  Cap  Blanc; 
(b)  early  and  middle  Paleozoic,  Mesozoic,  and 
Cenozoic  stratigraphic  frameworks;  (c)  late 
Precambrian,  Paleozoic,  and  Mesozoic  tec- 
tonic frameworks,  with  certain  qualifications; 
and  (d)  certain  offshore  residual  magnetic 
anomalies,  including  a  positive  anomaly  asso- 
ciated with  the  shelf  edge  and  the  boundary  be- 
tween smooth  and  rough  magnetic  fields  (Figs. 
1,  4,  6).  Point  (c)  must  be  qualified  because 
the  absence  of  late  Paleozoic  (post-Devonian) 
strata  in  the  Mauritanides  fold  belt  of  north- 
west Africa,  as  opposed  to  their  involvement  in 
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the  Appalachian  fold  belt  of  eastern  North 
America,  limits  resolution  of  the  respective 
orogenic  movements,  and  because  the  presence 
of  a  system  of  Triassic  fault-block  basins  paral- 
lel with  the  northwest  African  continental  mar- 
gin, corresponding  to  the  system  in  eastern 
North  America,  has  not  been  well  documented. 

3.  The  elements  of  symmetry  in  space  and 
time  imply  the  activity  of  symmetric  forces  on 
the  opposing  continental  margins. 

4.  Mesozoic  and  Cenozoic  mean  rates  of 
subsidence  and  gross  lithologic  sequences  gen- 
erally correlate  between  the  opposing  continen- 
tal terraces  (Figs.  2,  5;  Table  2). 

5.  Similarities  in  the  Mesozoic  and  early 
Cenozoic  stratigraphic  records  of  the  opposing 
continental  terraces  and  the  adjacent  ocean 
basin  indicate  that  the  continental  crust  be- 
neath the  continental  margins  investigated  has 
behaved  as  if  vertically  coupled  to  the  oceanic 
crust  beneath  the  adjacent  ocean  basin.  In  par- 
ticular, an  Upper  Triassic  through  upper  Eo- 
cene stratigraphic  section  laterally  equivalent  to 
the  section  beneath  the  northwest  African 
coastal  basins  is  inferred  to  have  subsided  be- 
neath the  continental  rise  between  the  Canary 
and  Cape  Verde  Islands;  a  corresponding  sec- 
tion may  be  present  off  Cape  Hatteras. 

6.  A  comparison  of  mean  subsidence  rates 
of  the  opposing  continental  margins  with  inde- 
pendently inferred  mean  spreading  rates  of  the 
intervening  sea  floor  during  the  Mesozoic  and 
Cenozoic  indicates  (Table  2)  that  (a)  mean 
subsidence  rates  (1-9  cm/1,000  year)  are 
about  10"^  the  values  of  inferred  mean  rates  of 
sea-floor  spreading  (1-4  cm/year)  and  (b) 
mean  subsidence  rates  appear  to  vary  in  unison 
with  independently  inferred  mean  spreading 
rates.  For  example,  relatively  fast  subsidence 
and  an  active  phase  of  sea-floor  spreading  are 
inferred  to  have  been  initiated  in  the  early  Me- 
sozoic. Mean  subsidence  rates  during  the  Late 
Cretaceous  (2.5-3.8  cm/1,000  year)  are  in- 
ferred to  have  been  relatively  fast.  Mean  subsi- 
dence rates  during  the  Tertiary  were  relatively 
slow  (0.9-1.3  cm/ 1,000  year)  at  a  time  when 
a  lapse  in  sea-floor  spreading  is  inferred. 

7.  These  limited  data  suggest  that  epeiro- 
genic  subsidence  of  the  opposing  continental 
margins  and  inferred  spreading  of  the  interven- 
ing sea  floor  are  related  genetically.  Coupled 
variation  in  rates  of  epeirogenic  subsidence  and 
inferred  spreading  of  the  sea  floor,  as  well  as 
variation  in  sediment  supply,  have  controlled 
synchronous  marine  transgressions  and  regres- 
sions on  the  opposing  continental  margins  and 


resulted  in  the  formation  of  similar  stratigraphic 
sequences. 

8.  The  apparent  symmetry  in  space  and  time 
of  tensional  rifting,  orogenic  compression,  and 
epeirogenic  subsidence  on  the  opposing  conti- 
nental margins  is  consistent  with  an  hypothesis 
of  sea-floor  spreading. 

9.  These  findings  imply  that  geologic  charac- 
teristics relevant  to  the  occurrence  of  petro- 
leum, such  as  the  distribution  of  salt  deposits, 
can  be  predicted  between  the  opposing  conti- 
nental margins. 
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Middle  Atlantic  Continental  Slope  of  United  States: 
Deposition  and  Erosion' 


Abstract  Continuous  seismic  reflection  profiles  across 
outer  continental  terrace  (outer  continental  shelf  and 
slope)  show  that  directly  off  Cape  Hatteras  reflection 
interfaces  (sedimentary  strata)  with  low  seaward  inclina- 
tion (<  1°)  underlie  the  continental  shelf  and  terminate 
at  the  continental  slope,  which  inclines  about  9  .  On 
traverses  about  200  km  north  of  Cape  Hatteras,  reflec- 
tion interfaces  (sedimentary  strata)  do  not  terminate  but 
incline  about  3"',  nearly  porallel  with  the  continental 
slope.  On  the  continental  slope  about  100  km  north 
of    Cope    Hatteras    both    relationships    are    present. 

The  strata!  terminations  were  produced  primarily  by 
erosionol  processes,  on  scales  ranging  from  erosion  of 
individual  strota  (<C  100  m  thick)  at  the  shelf  break  to 
rotational  slumping  of  the  entire  strotigraphic  section 
beneath  the  continental  slope  (1.5  km  thick).  The  thicken- 
ing mantle  of  sedimentary  strata  on  the  continental  slope 
north  of  Cape  Hatteras  may  have  been  derived  from 
adjacent  fluviatile  sources  as  a  result  of  former  discharge 
regimens.  Deposition  of  the  sedimentary  mantle  on  the 
continental  slope  may  be  controlled  by  the  Western 
Boundary  Undercurrent,  which  flows  over  the  continental 
slope  and   the  odiacent   continental   rise. 

The  association  of  erosionol  and  depositional  features 
is  consistent  with  a  model  of  continental  terrace  de- 
velopment in  which  strata  accumulate  on  the  continental 
shelf  by  upbuilding  and  on  the  continental  slope  by 
outbuilding  while  basement  subsides  during  seaward 
tilting.  At  the  continental  slope,  strata  are  terminated 
primarily  by  erosionol  processes.  Periodically,  rotational 
slumping  at  the  continental  slope  occurs,  causing  strata 
from  the  slope  and  outer  shelf  to  shift  to  the  continental 
rise  and  exposing  shelf  strata  at  the  edge  of  the  con- 
tinental terrace. 
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Introduction 

On  the  physiographic  diagrain  of  the  North 
Atlantic  (Heezen  and  Tharp,  1959),  the  mid- 
dle Atlantic  continental  slope  of  the  United 
States  is  depicted  as  an  escarpment  between  the 
continental  shelf  and  the  deep  ocean  basin.  Al- 
though the  general  configuration  is  known,  the 
actual  shape  of  the  middle  Atlantic  continental 
slope  is  not  known  in  detail.  Other  features  of 
interest  are  the  attitudes  and  lateral  variations 
of  the  strata  underlying  that  section  of  the  con- 
tinental slope.  Information  on  the  strata  should 
clarify  the  processes  of  development  of  the 
continental  shelf  and  slope.  Such  information 
is  shown  in  representative  continuous  seismic 
reflection  profiles  of  the  outer  continental  shelf 
and  continental  slope  between  the  latitudes  of 
Cape  Hatteras,  North  Carolina,  and  Norfolk, 
Virginia.  The  lines  traversed  by  the  seismic 
profiles  are  shown  on  Figure  1. 

Several  authors  have  discussed  the  processes 
in  the  development  of  the  middle  Atlantic  con- 
tinental slope  of  the  United  States.  On  the  basis 
of  a  continuous  seismic  reflection  profile  off 
Norfolk,  Moore  and  Curray  (1963;  1964) 
showed  that  the  continental  shelf  has  been 
building  up  depositionally  at  the  same  time  that 
the  continental  slope  has  been  building  outward 
(prograding).  Taking  as  an  example  the  conti- 
nental terrace  (continental  shelf  plus  slope)  off 
Cape  Hatteras,  Dietz  (1964a)  stressed  upbuild- 
ing of  the  continental  shelf  primarily  by  paralic 
sedimentation  with  depositional  terminations  of 
strata  at  the  continental  slope  and  erosion  of 
the  continental  slope  by  gravitational  processes 
dominated  by  turbidity  currents.  Although  evi- 
dence of  both  deposition  and  erosion  appears 
in  continuous  seismic  reflection  profiles  made 
at  intervals  across  the  entire  Atlantic  continen- 
tal margin  of  the  United  States  by  Uchupi  and 
Emery  (1967),  effects  of  deposition  are  pre- 
dominant. The  configuration  of  the  continental 
terrace  as  a  seaward-thickening  sedimentary 
wedge  must  be  primarily  of  depositional  origin. 

In  the  writer's  investigatioii.  a  seismic  reflec- 
tion profiling  system  with  a  400-Hz  piezoelec- 
tric source  (Clay  and  Liang,  1962)  was  used. 
The  source  projected  a  ping  of  0.020-second 
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Fig.  1. — Middle  Atlantic  continental  margin  of  United  States  with  lines  of  traverse  of  continuous  seismic 
reflection  profiles  (A-A',  A"-A"',  B-B',  C-C,  M-C),  current  directions  (arrows),  and  sediment  cores  (circles). 
Profiles  are  Figures  2,  3,  5,  6,  and  7. 


duration  with  aboLit  a  100-Hz  bandwidth  at  a 
repetition  rate  of  2  per  second.  The  system 
resolved  reflecting  interfaces  spaced  as  closely 
as  about  20  ni.  Estimated  radiated  source 
power  was  250  watts.  The  source  and  a  10-m- 
long  array  consisting  of  32  acceleration- 
balanced  barium  titanate  hydrophones  mounted 
in  an  oil-filled  hose  were  towed  at  ship's  speed 
of  about  5  knots  (9  km  hr^).  Navigation  was 
by  loran  A  with  estimated  accuracy  of  ±  2 
km.  In  the  interpretation  of  the  profiles  the 
reflecting  interfaces  are  assumed  to  correspond 
to  interfaces  between  sedimentary  strata. 

The  continuous  seismic  reflection  profiles 
display  two-way  travel  time  of  the  acoustic 
pulse  in  seconds  from  source  to  bottom  or 
subbottom  reflector  at  normal  incidence  and 
back  to  the  surface-towed  receiver.  To  convert 
water  travel  time  to  water  depth,  a  mean  velo- 
city of  1.5  km  sec  '  was  assiuned.  To  convert 
subbottom  travel  time  to  sediment  thickness,  an 
increase  in  seismic  velocity  with  depth  beneath 
the  bottom  was  assumed  (Rona  and  Clay,  1967, 
p.  2108). 


Hatteras  Profiles  A-A',  A"-A"' 

Continuous  seismic  reflection  profile  A-A' 
extends  28  km  along  azimuth  170°  from  the 
outer  continental  shelf  to  the  upper  continental 
slope  oft'  Cape  Hatteras  (Figs.  1,  2).  Bciueen 
3.5  and  7  km  on  the  outermost  continental 
shelf  are  four  ridges  with  relief  up  to  about 
10  m  and  intervening  sediment-filled  troughs. 
Calcareous  algae  with  a  radiometric  date  of 
19,000  b.p.  have  been  sampled  from  the  sea- 
ward ridge  (Menzies  et  oL.  1966).  The  ridges 
may  be  algal  reefs  (Menzies  ct  al..  1966), 
barrier  beaches  with  an  overgrowth  of  algae 
(and  intervening  lagoonal  deposits),  or  a  com- 
bination of  barrier  beaches  behind  a  shelf-edge 
organic  reef.  The  upper  continental  slope  in- 
clines seaward  at  about  4°  between  the  shelf 
break  at  the  seaward  ridge  near  7  km  and  a 
bench  at  23  km.  The  upper  continental  slope 
is  underlain  bv  sedimentar\  strata  which  nearlv 
parallel  the  water-sediment  interface  to  about 
280  m  (0.3  second)  subbottom  acoustic  pene- 
tration. A  bench  about  1,000  m  below  sea  level 
extends  between  23   and   25   km.  The  profile 
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crosses  obliquely  a  canyon  situated  on  the 
bench.  The  bench  is  underlain  by  a  sequence 
of  parallel  strata,  inclined  seaward  at  about 
1°.  The  strata  terminate  at  the  continental 
slope,  where  the  inclination  of  the  slope  in- 
creases to  about  9°. 

Continuous  seismic  reflection  profile  A"-A  '" 
extends  from  the  bench  at  about  1,000  m 
below  sea  level  to  the  upper  continental  rise 
(Fig.  3).  The  profile  shows  that  the  sequence 
of  parallel  strata  with  low  seaward  inclination 
that  terminates  at  the  continental  slope  is  pres- 
ent under  the  entire  continental  slope  between 
the  bench  at  about  1,000  m  and  the  base  about 
3,000  m  below  sea  level.  Terminations  are 
mantled  by  a  veneer  of  sediment  several  tens  of 
meters  thick.  The  nature  of  the  stratal  termina- 
tions can  be  inferred  from  the  configuration  of 
strata  on  the  continental  slope  and  upper  conti- 
nental rise,  as  seen  in  Figure  3.  Strata  on  the 
uppermost  continental  rise  have  landward  incli- 
nation that  can  be  explained  by  a  model  of  ro- 
tational slump  as  shown  in  Figure  4.  A  coher- 
ent block  of  strata  from  the  continental  slope 
moved  down  a  surface  of  displacement.  The 
displaced  strata  rotated  into  landward  inclina- 
tion during  emplacement  on  the  upper  conti- 
nental rise  (Rona  and  Clay,  1967).  The  thick- 
ness of  strata  with  landward  inclination  on  the 
upper  continental  rise  is  about  1,500  m,  which 
closely  corresponds  to  the  thickness  of  the  sec- 
tion of  strata  that  terminates  at  the  continental 
slope.  The  block  containing  the  displaced  strata 
is  about  5  km  wide. 

The  strata  with  low  seaward  inclination  that 
terminate  at  the  continental  slope  probably  cor- 
respond to  projections  of  strata  found  in  wells 
on  the  coastal  plain  adjacent  to  Cape  Hatteras 
(Heezen  et  al.,  1959,  Fig.  22;  Rona  and  Clay, 
1967,  Fig.  9;  Spangler,  1950;  Swain,  1947).  If 
the  projections  are  correct,  these  strata  should 
range  in  age  from  Late  Cretaceous  through 
Cenozoic. 

Intermediate  Profile  B-B'  Between  Cape 
Hatteras  and  Norfolk,  Virginia 

Continuous  seismic  reflection  profile  B-B', 
about  110  km  north  of  the  Hatteras  profile, 
extends  30  km  along  azimuth  090°  across  the 
outer  continental  shelf  and  upper  continental 
slope  (Figs.  1,  5).  Strata  with  low  seaward 
inclination  (<  1°),  slightly  greater  than  the 
inclination  of  the  water-sediment  interface, 
underlie  the  outer  continental  shelf  to  about 
135  m  (0.15  second)  acoustic  penetration.  The 
strata   underlying   the   outer   continental    shelf 


between  7  km  and  the  shelf  break  near  12  km 
increase  successively  in  seaward  inclination  and 
thickness  with  depth  below  the  bottom. 

On  the  outermost  continental  shelf  and  up- 
permost continental  slope,  from  10  to  16  km 
(100-500  m  below  sea  level),  the  water-sedi- 
ment interface  is  smooth  and  convex  upward. 
The  strata  underlying  the  outermost  shelf  do 
not  curve  continuously  beneath  this  region  but 
terminate  at  a  subbottom  surface  of  unconfor- 
mity having  the  configuration  of  a  chord  whose 
seaward  inclination  intersects  the  smooth  con- 
vex-upward transitional  zone.  Every  stratum 
visible  beneath  the  outermost  continental  shelf 
appears  to  terminate  against  the  surface  of  un- 
conformity, which  suggests  that  erosional  pro- 
cesses are  almost  continuously  active  near  the 
shelf  break. 

The  water-sediment  interface  of  the  con- 
tinental slope  becomes  irregular  at  depths  below 
500  m.  As  in  the  Hatteras  profiles,  stratal  ter- 
minations are  visible  under  the  continental  slope 
between  17  and  23  km  along  profile  B-B'.  The 
inclination  of  the  terminating  strata  (about  2° 
seaward)  is  about  twice  that  of  corresponding 
strata  in  the  Hatteras  profiles.  To  at  least  280 
m  (0.3  second)  acoustic  penetration,  most  of 
the  continental  slope  is  mantled  by  strata  in- 
clined nearly  parallel  with  the  water-sediment 
interface.  The  mean  inclination  of  the  continen- 
tal slope  is  about  4°,  which  is  less  than  half 
its  mean  inclination  off  Cape  Hatteras.  The 
increase  in  seaward  inclination  of  successive 
strata  beneath  the  outer  continental  shelf  and 
of  strata  terminating  at  the  continental  slope 
may  indicate  that  the  outer  continental  terrace 
between  Cape  Hatteras  and  Norfolk  has  sub- 
sided relative  to  the  outer  continental  terrace 
off  Cape  Hatteras. 

Norfolk  Profiles  M-C,  C-C 

The  line  of  traverse  of  a  continuous  seismic 
reflection  profile  made  by  Moore  and  Curray 
(1963,  Fig.  2)  is  labeled  M-C  on  Figure  1, 
and  the  profile  is  reproduced  in  Figure  6.  The 
profile  shows  that  the  continental  shelf  and 
slope  are  underlain  to  an  acoustic  penetration  of 
at  least  1,000  m  (1.0  second)  by  sequences  of 
strata  nearly  parallel  with  the  water-sediment 
interface.  The  mean  inclination  of  the  con- 
tinental slope  is  about  3°.  From  their  profile, 
Moore  and  Curray  infer  that  the  continental 
terrace  has  developed  by  simultaneous  deposi- 
tional  upbuilding  of  the  continental  shelf  and 
outbuilding  of  the  continental  slope. 

A  seismic  reflection  profile  made  near  that 
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of  Moore  and  Curray  (1963)  investigated 
in  detail  the  transition  between  the  continental 
shelf  and  slope  (f'igs.  1,  7).  Acoustic  penetra- 
tion increases  from  about  40  m  (0.055  second) 
beneath  the  shelf  to  about  280  m  (0.3  second) 
beneath  the  slope.  Sedimentary  strata  that  man- 
tle the  continental  slope  cannot  be  traced  land- 
ward under  the  continental  shelf,  but  appear  to 
terminate  beneath  the  shelf  break.  A  distinct 
terrace  is  present  seaward  of  the  shelf  break 
between  18  and  19.5  km,  approximately  175  m 
below  sea  level.  The  terrace  is  similar  to  one  at 
165  m  below  sea  level  about  300  km  north  off 
the  Hudson  apron,  described  by  Ewing  et  al. 
(1963),  which  is  interpreted  to  have  been  cut 
by  surf  into  the  sedimentary  strata  that  mantle 
the  continental  slope.  The  Norfolk  and  Hudson 
apron  terraces  must  be  related  to  a  eustatic 
lowering  of  sea  level  that  occurred  after  most 
of  the  sediment  mantling  the  continental  slope 
had  been  deposited. 

Stratigraphic  Framework  of  Middle 
Atlantic  Continental  Margin 

The  continuous  seismic  reflection  profiles 
clearly  show  that  between  Cape  Hatteras  and 
Norfolk,  a  distance  of  200  km,  the  configura- 
tion of  strata  underlying  the  continental  slope 
changes  progressively  and  suggests  certain  de- 
velopmental processes.  Erosion,  predominantly 
by  massive  rotational  slumping  that  caused  the 
continental  terrace  to  retreat,  may  explain  the 
stratal  terminations  of  the  continental  slope  off 
Cape  Hatteras.  As  proposed  by  Moore  and 
Curray  (1963),  progradation  of  the  continental 
terrace  explains  the  sedimentary  mantling  of 
the  continental  slope  off  Norfolk.  In  the  in- 
termediate profile,  the  stratal  terminations  seen 
at  the  continental  slope  off  Cape  Hatteras  are 
partially  mantled  by  sediment,  and  the  outer 
continental  terrace  apparently  has  subsided  in 
relation  to  the  outer  terrace  off  Cape  Hatteras. 

A  cross  section  summarizes  observations  on 
the  overall  stratigraphic  framework  of  the  con- 
tinental terrace  and  upper  continental  rise  off 
Cape  Hatteras  (Fig.  8).  Strata  of  shallow-water 
marine  deposition  of  Late  Cretaceous  through 
Cenozoic  ages,  with  low  seaward  inclination 
(<  1°),  probably  extend  from  the  coastal  plain 
under  the  continental  shelf  and  terminate  at 
the  continental  slope.  The  boundary  region  be- 
tween the  continental  rise  and  Lower  Cretace- 
ous strata  underlying  the  continental  terrace  is 
indistinct  on  seismic  profiles.  It  is  not  clear 
whether  the  Lower  Cretaceous  strata  terminate 
under  the  continental  slope  or  continue  under 
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Fig.  2. — Continuous  seismic  reflection  profile  A-A' 
off  Cape  Hatteras,  a.  Photograph  of  seismic  reflec- 
tion profile,  h.  line  drawing  of  seismic  reflection 
profile.  Location  of  profile  shown  on  Figure  1. 


the  continental  rise.  However,  as  Rona  and 
Clay  (1967,  p.  2125)  have  pointed  ouL  it  is 
possible  that  Lower  Cretaceous  strata  have  re- 
treated landward  by  erosional  processes  as 
much  as  150  km  from  an  original  position  un- 
der the  transitional  region  between  the  present 
upper  and  lower  continental  rise.  The  upper 
continental  rise  is  underlain  by  several  hundred 
meters  of  landward-dipping  strata  which  un- 
conformably  overlie  strata  dipping  seaward. 
The  thickness  of  sedimentary  strata  above  the 
crystalline  basement  (5.6-6.1  km  secM  is 
about  the  same  under  both  the  outer  continen- 
tal shelf  and  the  upper  continental  rise.  The 
mean  seaward  inclination  of  the  pre-Cretaceous 
basement  off  Cape  Hatteras  is  approximatelv 
0.5°  (Woollard  et  «/.,  1957).  If  a  peneplain 
cut  on  the  basement  has  been  tilted  seaward 
since  the  end  of  the  Jurassic  Period,  the  mean 
angular  velocity  of  tilting  would  be  about  13 
minutes  per  10'"  years;  the  actual  tilting  rate 
probably  would  have  been  Nariable.  The  in- 
ferred stratigraphic  framework  of  the  continen- 
tal margin  olY  Cape  Hatteras  is  consistent  with 
JOIDES  (,l9b>)  drilling,  which  found  strata 
on  the  outer  continental  shelf  about  500  km 
south.  A  graduallv  deepening  sedimentarv  en- 
vironment during  most  of  the  Tertiarv  period 
was  indicated. 
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Depositional  Processes  on  Continental 
Slope 

The  progressive  increase  in  thickness  of  sedi- 
ment mantling  the  continental  slope  between 
the  Hatteras  and  Norfolk  profiles  can  be  attrib- 
uted to  local  variations  of  sediment  supply,  as 
well  as  to  depositional  patterns  controlled  by 
variations  in  structure  of  oceanic  currents  and 
in  sea-floor  topography.  Dietz  (1964a)  pointed 
out  that  the  Norfolk  profile  may  be  at  the 
ancestral  seaward  limit  of  the  Susquehanna- 
Chesapeake  and  James  River  systems.  The  lack 
of  sedimentary  outbuilding  of  the  continental 
slope  off  Cape  Hatteras  is  a  point  of  evidence 
against  the  suggestion  that  Cape  Hatteras  may 
have  been  the  locus  of  a  major  Pleistocene  con- 
tinental drainage  system  (Rona  and  Clay, 
1964;  Sanders  and  Oaks,  1963;  White,  1966). 

The  continental  shelf  and  the  continental 
slope  are  distinct  depositional  realms.  This  is 
evident    in    seismic    reflection    profiles    from 


abrupt  changes  in  the  configuration  of  sedimen- 
tary strata  under  the  shelf  break,  the  lack  in 
visible  continuity  of  sedimentary  strata  under- 
lying the  continental  shelf  and  slope,  and  an  in- 
crease in  acoustic  penetration  on  the  continen- 
tal slope.  That  the  increase  in  acoustic  penetra- 
tion is  probably  related  to  a  decrease  in  grain 
size  is  suggested  by  the  fact  that  lutite  has  been 
cored  where  strata  mantle  the  continental 
slope;  sand  and  coarser  particles  have  been 
cored  from  the  outer  continental  shelf  in  the 
region  of  the  profiles  (Fig.  1).  The  lutite  is 
similar  to  that  cored  from  the  adjacent  conti- 
nental rise.  Certain  continuous  seismic  reflec- 
tion profiles  from  adjacent  sections  of  the  con- 
tinental margin  indicate  that  strata  which  man- 
tle the  continental  slope  are  continuous  with 
strata  of  the  upper  continental  rise  to  an  acous- 
tic penetration  of  several  hundred  meters 
(Uchupi  and  Emery,  1967,  Figs.  4,  5).  The 
similarity  of  surficial  sediment  and  the  continu- 
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Fig.  3. — Continuous  seismic  reflection  profile  A"-A"'  off  Cape  Hatteras  (Rona  and  Clay,  1967).  a.  Photo- 
graph of  seismic  reflection  profile,  b.  Line  drawing  of  seismic  reflection  profile.  Location  of  profile  shown  on 
Figure  1. 
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strata  within  block  rotate  about  an  axis  perpendicular 
to  plane  of  drawing  (Rona  and  Clav,   1^67"). 


ity  of  strata  support  the  inference  that  the  con- 
tinental slope  and  rise  mav  have  been  sub|ect 
to  the  same  depositional  conditions  for  at  least 
the  time  required  to  deposit  the  continuous 
strata. 

The  apparent  continuity  of  deposition  be- 
tween the  continental  slope  and  continental  rise 
of  the  middle  Atlantic  continental  margin  may 
be  controlled  bv  oceanic  current  pattern.  The 
oceanic  current  pattern  otY  Cape  Hatteras  has 
been  delineated  bv  Barrett  ( 1965).  who  tracked 
neutrallv  buovant  floats  at  several  depths  to 
measure  the  direction  and  velocit\  of  water 
movements.  The  Florida  Current  of  the  Gulf 
Stream  flows  northeast  at  a  maximum  of  150 
cm  sec  ^  over  the  outer  continental  shelf  and 
upper  continental  slope  to  a  depth  of  approxi- 
niateh   40t)  m  below  sea  lc\el.  Barrett  (U)t>5) 
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measured  a  countercurrent  flowing  southwest 
beneath  the  Florida  Current  off  Cape  Hatteras 
at  velocities  up  to  20  cm  sec^.  He  considered 
the  countercurrent  to  be  part  of  the  Western 
Boundary  Undercurrent,  supposed  on  theoretical 
grounds  to  flow  adjacent  to  the  entire  Atlantic 
continental  margin  of  North  America  (Stom- 
mel,  1957;  Wust,  1936).  Heezen  er  al.  (1966) 
have  inferred  from  sedimentary  evidence  that 
the  entire  Atlantic  continental  rise  has  been 
shaped  by  deposition  controlled  by  the  Western 
Boundary  Undercurrent;  further  evidence  off  the 
middle  Atlantic  sector  has  been  contributed  by 
Schneider  et  al.  (1967,  Fig.  1).  Investigation 
of  topographic  features  on  the  continental  rise 
(Rona  et  al.,  1967)  and  continental  slope 
(Rona,  in  press)  off  Cape  Hatteras  indicates 
that,  in  both  those  physiographic,  provinces,  the 
Western  Boundary  Undercurrent  influences  sedi- 
mentation. Deposition  of  the  sedimentary  strata 
that  thinly  mantle  the  continental  slope  off 
Cape  Hatteras  and  increase  in  thickness  to  the 
continental  slope  off  Norfolk,  is  inferred  to  be 
controlled  by  the  Western  Boundary  Undercur- 
rent. Deposition  of  the  sedimentary  mantle  on 
the  continental  slope  may  be  continuous  with 
deposition  of  strata  on  the  adjacent  continental 
rise. 

Erosional  Processes  on  Continental  Slope 

Termination  of  strata  at  the  continental  slope 
may  occur  on  a  wide  range  of  scales  and  can 
result  from  a  variety  of  erosional  processes. 
The  rotational  slumping  inferred  on  the  slope 
off  Cape  Hatteras  involves  a  stratigraphic  sec- 
tion estimated  to  be  about  1 ,500  m  thick  by  5 
km  wide.  The  upper  100  m  of  strata  on  the 
outermost  continental  shelf  in  the  intermediate 
profile  B-B'  (Fig.  5)  terminates  against  a  sur- 
face of  unconformity  beneath  the  shelf  break. 
The  unconformity  could  have  been  eroded  by 
acceleration  of  impinging  oceanic  currents.  Al- 
ternatively, the  characteristic  form  of  an  un- 
confined  depositional  termination  would  be  a 
lensing-out,  no  evidence  of  which  was  observed 
in  the  profiles.  Therefore,  the  observed  termi- 
nations of  strata  at  the  continental  slope  can  be 
ascribed  to  erosional  processes  acting  on  a  scale 
ranging  from  that  of  an  individual  stratum,  as 
suggested  by  Heezen  et  al.  (1959,  p.  50),  to 
that  of  the  entire  stratigraphic  succession. 

The  stratigraphic  framework  of  the  continen- 
tal terrace  is  important  in  determining  the  sta- 
bility of  strata  which  mantle  the  continental 
slope.  For  example,  if  seaward  projections  of 
coastal-plain  strata  are  correct,  the  strata  with 


low  seaward  inclination  that  terminate  at  the 
continental  slope  should  be  continuous  with  the 
system  of  aquifers  underlying  the  coastal  plain. 
Under  proper  conditions,  fluid  pressures  related 
to  the  piezometric  surface  would  be  highest  at 
lowest  elevations  in  the  aquifer  system  where 
water-bearing  strata  terminate  at  the  continen- 
tal slope.  Manheim  (1967)  has  compiled  evi- 
dence for  submarine  discharge  of  water  on  the 
Atlantic  continental  slope  of  the  southern 
United  States.  The  JOIDES  drillings  found 
fresh  and  brackish  waters  in  sedimentary  strata 
as  far  as  120  km  seaward  of  the  Florida  coast 
(JOIDES,  1965).  JOIDES  drill  hole  J-1  on  the 
inner  continental  shelf  off  Jacksonville,  Florida, 
found  a  minimum  hydrostatic  head  9  m  above 
sea  level  that  flowed  through  the  drill  pipe 
from  an  Eocene  aquifer  at  a  depth  of  about 
130  m  below  the  sea  floor  (155  m  below  sea 
level).  Pratt  (1966)  attributed  depressions 
which  he  found  in  Tertiary  limestone  at  the 
base  of  the  continental  slope  above  the  Blake 
Plateau  to  erosion  by  the  Gulf  Stream,  possibly 
aided  by  groundwater  solution  during  the  Pleis- 
tocene Epoch. 

Confinement  of  fluid  pressures  in  aquifers  by 
fine-grained  sediments  that  mantle  the  continen- 
tal slope  could  have  many  effects.  Discharge 
from  an  aquifer  that  intersects  the  continental 
slope  may  undermine  parts  of  the  slope.  If  the 
sediments  mantling  the  slope  act  as  an, imper- 
meable layer  over  the  aquifers  at  points  of  dis- 
charge on  the  continental  slope,  then  a  fluid 
pressure  Paquife,  from  the  aquifers  would  be 
exerted  at  the  base  of  the  sedimentary  mantle 
(Fig.  9).  If  a  closed  pressure  system  were  pres- 
ent, a  fluid  pressure  p„„e, burden  derived  from 
the  weigtit  of  the  overlying  column  of  water 
plus  rock  also  would  act  at  the  base  of  the  sedi- 
mentary mantle  (Hubbert  and  Rubey,  1959). 
The  sedimentary  mantle  thus  would  be  subjected 
to  a  total  buoyant  force  p  equal  to  the  higher 

of     the     two     pressures     Paquife,-     and     Pove,burden 

acting  normal  to  its  base.  The  buoyant  force  p 
would  reduce  the  effective  normal  stress  a  as 
follows: 

a  —  S  -  p 

S  =  normal  component  of  stress  resulting  from  total 
weight  of  column  of  water  plus  sediment  from  sea 
level  to  the  base-  of  the  strata  mantling  the  conti- 
nental slope. 

Reduction  of  the  effective  normal  stress  <t  would 
correspondingly  diminish  the  critical  value  of 
the  shear  stress  t  required  to  produce  gravita- 
tional gliding  of  the  sedimentary  mantle  (Hub- 
bert and  Rubey,  1959). 
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Fluctuations  in  the  piezometric  surface  in 
the  coastal-plain  aquifer  system  resulting  from 
fluctuations  in  precipitation  or  sea  level,  or 
from  engineering  projects,  may  change  fluid 
pressures  at  the  continental  slope.  If  the  piezo- 
metric surface  is  high  and  thick  impermeable 
strata  mantle  the  continental  slope,  conditions 
should  favor  massive  gravitational  displace- 
ments. 

Development  of  Middle  Atlantic 
Continental  Margin 

Certain  processes  of  deposition  and  erosion 
are  inferred  to  have  been  important  in  deter- 
mining the  present  stratigraphic  framework  of 
the  middle  Atlantic  continental  slope  of  the 
United  States.  The  processes  can  be  extrapo- 
lated back  in  time  to  infer  general  models  for 
the  development  of  the  continental  margin. 

To  limit  the  models  to  the  observed  strati- 
graphic  framework,  several  assumptions  are  re- 
quired. First,  thicknesses  of  sediment  which  ac- 
cumulated on  the  outer  continental  shelf  and 
upper  continental  rise  are  assumed  to  have 
been  roughly  equal.  This  assumption  is  consis- 
tent with  seismic  refraction  data  (Katz  and 
Ewing,  1956).  Second,  the  basement  is  as- 
sumed to  subside  along  a  hinge  line  landward 
of  the  continental  shelf,  as  suggested  by  mea- 
sured seaward  thickening  of  sedimentary  strata 
underlying  the  coastal  plain  and  continental 
terrace.  Third,  the  continental  shelf  and  conti- 
nental slope  are  considered  to  be  distinct  depo- 
sitional  regimes.  The  continental  slope  regime 
is  related  to  that  of  the  continental  rise.  Seismic 
and  sedimentary  data  support  this  assumption. 
Fourth,  deposition  and  erosion  are  assumed  to 
be  periodic.  Because  the  number  of  periods  is 
unknown,  the  number  of  stages  represented  in 
the  models  is  suggestive  of  processes  but  not  of 
actual  events.  The  balance  between  deposition 
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and  erosion  may  vary  at  adjacent  sections  of 
the  continental  margin,  thereby  producing  vari- 
ations in  the  stratigraphic  framework. 

In  addition  to  these  general  postulates,  an  as- 
sumption must  be  made  as  to  whether  deposi- 
tion on  the  continental  shelf  and  on  the  conti- 
nental slope  and  rise  is  simultaneous  or  alter- 
nating in  time. 

A  sequential  model  of  simultaneous  deposi- 
tion on  the  continental  shelf  and  on  the  conti- 
nental slope  plus  rise  is  shown  in  Figure  10.  At 
stage  1  development  begins  with  a  topographic 
step  which  represents  the  initial  difference  in 
elevation  between  the  continent  and  the  ocean 
basin.  The  origin  of  this  difference  may  be  con- 
structional or  structural  and  has  been  consid- 
ered by  Dietz  (1952,  1964b),  Shepard  (1963), 
and  others.  In  stages  2,  4,  and  6,  deposition 


proceeds  simultaneously  on  the  continental 
shelf  and  on  the  continental  slope  plus  upper 
continental  rise,  with  a  distinct  change  in  sedi- 
mentary facies  at  the  shelf  break,  while  the 
basement  subsides.  In  intervening  stages  3,  5, 
and  7,  strata  underlying  the  continental  shelf 
are  terminated  periodically  by  erosional  pro- 
cesses, including  rotational  slumping  of  strata 
onto  the  upper  continental  rise.  The  continental 
terrace  retreats,  and  the  slumped  strata  are  in- 
corporated into  the  continental  rise. 

A  sequential  model  of  alternating  deposition 
on  the  continental  shelf  and  on  the  continental 
slope  plus  rise  is  shown  in  Figure  11.  In  this 
model,  terminations  near  the  shelf  break  of 
strata  deposited  on  the  continental  shelf  would 
be  primarily  depositional.  Although  rotational 
slumping  could  occur,  its  role  in  terminating 
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Fig.  8. — Stratigraphic  framework  of  continental  mar- 
gin off  Cape  Hatteras.  Sediment-crystalline  basement 
(5.5-6.1  km  see"')  boundary  has  been  projected  about 
275  km  south  from  seismic  refraction  profile  (Katz  and 
Ewing,  1956,  profile  b,  p.  475  insert).  Boundary  region 
between  continental  rise  and  Lower  Cretaceous  strata 
underlying  continental  terrace  which  is  indistinct  on 
seismic  profiles  is  indicated  by  question  mark  (?). 


TERMINATION    OF 
—  COASTAL   PLAIN 
AQUIFERS 


Fig.  9. — Hypothetical  geometry  of  stresses  between 
coastal-plain  aquifers  which  terminate  at  continental 
slope  and  overlying  strata  which  mantle  continental 
slope. 

e  =  angle  of  inclination,  r  =  effective  tangential 
stress,  a  =  effective  normal  stress,  and  p  total  fluid  pres- 
sure related  to  weight  of  overlying  column  of  water 
plus  sediment  and  piezometric  surface  in  aquifer.  Re- 
duction of  (T  by  increase  in  p  should  reduce  critical  value 
of  T  required  to  produce  gravitational  gliding  of  strata 
mantling  continental  slope. 
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Fig.  10. — Sequential  model  for  development  of  middle  Atlantic  continental  terrace.  Deposition  on  continental 
shelf  and  slope  plus  upper  continental  rise  is  simultaneous,  with  distinct  sedimentary  facies  separated  by  wavy 
line  at  shelf  break. 
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Fig.  II. — Sequential  model  for  development  of  middle 
Atlantic  continental  terrace.  Deposition  on  continental 
shelf  and  deposition  on  slope  plus  upper  continental  rise 
alternate  in  time. 


strata  at  the  continental  slope  would  be  mini- 
mized. The  sequence  begins  with  an  initial 
difference  in  elevation  between  the  continent 
and  ocean  basin  (Fig.  11,  stage  1).  While  the 
basement  subsides,  sediment  is  deposited  alter- 
nately on  the  continental  shelf  (stages  2,  4,  6, 
8)  and  on  the  continental  slope  plus  rise 
(stages  3,  5,  7). 

Conclusions 

Sedimentary  strata  with  low  seaward  inclina- 
tion (<1°)  that  terminate  at  the  continental 
slope  off  Cape  Hatteras  are  covered  progres- 
sively by  strata  which  conformably  mantle  the 
continental  slope  about  200  km  north,  off  Nor- 
folk, Virginia.  The  stratal  terminations  are  in- 
ferred to  have  been  produced  primarily  by  ero- 
sional  processes  ranging  in  scale  from  erosion 
of  individual  strata  to  rotational  slumping  of 
the  entire  stratigraphic  section  underlying  the 
continental  slope.  Massive  gravitational  dis- 
placement of  continental-slope  strata  may  be 
aided  by  fluid  pressure  in  coastal-plain  aquifers 
which  extend  under  the  continental  shelf  and 
terminate  at  the  continental  slope.  Rotational 
slumping  has  caused  strata  from  the  slope  and 
outer  shelf  to  shift  to  the  continental  rise,  ex- 
posing shelf  strata  at  the  edge  of  the  continen- 
tal terrace.  Mantling  of  the  continental  terrace 


off  Norfolk  may  have  resulted  from  proximity 
to  the  Chesapeake-James  River  systems,  which 
may  have  provided  an  increased  sediment  sup- 
ply under  a  former  regime  of  greater  discharge. 
The  Western  Boundary  Undercurrent  flowing 
southwest  along  the  middle  Atlantic  continental 
slope  of  the  United  States  (Barrett,  1965)  ap- 
parently controls  deposition  of  sediments  which 
mantle  the  continental  slope,  as  Heezen  et  al. 
(1966)  have  inferred  for  deposition  on  the  ad- 
jacent continental  rise. 

As  the  continental  slope  develops  by  periodic 
deposition  and  erosion,  it  interacts  with  the  de- 
velopment of  the  continental  rise.  Displaced 
strata  from  the  continental  terrace  are  interca- 
lated periodically  with  sediment  being  depos- 
ited on  the  continental  rise.  The  emplacement 
of  terrace  strata  would  increase  the  effective 
overburden  and  consequently  increase  the  in- 
terstitial pore  water  pressure  in  continental-rise 
strata.  This  mechanism  may  contribute  to  the 
triggering  of  massive  gravitational  gliding  of 
continental-rise  strata  (Ballard,  1966;  Rona 
and  Clay,  1967;  Uchupi,  1967). 
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Possible  Salt  Domes  in  the  Deep  Atlantic 
off  North-west  Africa 
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The  presence  of  dlapirs  under  the  lower  continental  rise  and  abyssal 
plain  off  north-west  Africa  indicates  that  the  salt  basins  of  the  conti- 
nental margin  may  have  extended  seaward  during  the  Late  Triassic 
and  Early  Jurassic  periods. 


The  precise  association  of  the  east  coast  of  North  America 
and  the  north-west  coast  of  Africa*  ■''  before  continental 
drift  began  is  difficult  because  the  two  continental  margins 
lack  distinctive  configurations  or  marked  transverse 
structures.  It  is,  however,  reasonable  to  expect  that  some 
record  of  the  association  may  be  preserved  in  the  sedi- 
mentary layer  of  the  intervening  ocean  basin,  for  the 
environment  of  deposition  must  have  changed  progres- 
sively with  changes  in  the  configiu'ation  of  the  ocean  basin. 
The  sedimentary  layer  of  the  continental  margin  off 
north-west  Africa,  between  the  Canary  and  Cape  Verde 
islands,  has  been  investigated  using  seismic  reflexion  (air 
gun)  and  magnetic  profiles  (Fig.  1).  The  seismic  reflexion 
profiles  show  that  the  sedimentary  strata  underlying  the 
lower  continental  rise  are  deformed  by  intrusive  bodies 
(Figs.  2  and  36)  into  an  upward-convex  configuration 
above  the  crests  of  the  buried  intrusive  bodies  and  an 
upward-concave  configuration  between  them.  The  degiee 
of  deformation  between  buried  bodies  seeins  to  decrease 
upwards,  indicating  syndepositional  deforn^ation  rather 
than  abrupt  emplacement  of  the  intrusive  bodies.  Faults, 
apparently  caused  by  tension,  have  formed  above  certain 
buried  intrusive  bodies  as,  for  example,  between  40  and 
60  km  along  the  profiler  record  shown  (Fig.  36).  Some 
of  the  intrusive  bodies  have  pierced  through  overlying 
sedimentary  strata  and  form  topographic  highs  witli  relief 
up  to  about  225  m  as  seen  at  100  kni  along  the  profiler 
record. 

The  intrusive  bodies  are  20-40  km  wide  at  their  bases, 
wliich  continue  to  diverge  downward  at  about  1-5  s 
(1-5  km)  seismic  penetration  beneath  the  bottom  (Fig.  36). 
They  are  reasonably  symmetrical,  converge  evenly 
toward  their  crests  and  have  smooth  outlines.  Individual 
intrusive  bodies  cannot  be  correlated  between  adjacent 
seismic  reflexion  profiler  records,  indicating  that  the 
bodies  are  more  circular  than  elongate  in  plan  view.  The 
bodies  tend  to  be  associated  with  low  values  of  residual 
magnetic  intensity  (Fig.  3a).  Intrusive  bodies  with,  similar 
characteristics  are  also  seen  on  our  other  seismic  profiles 
which  cross  the  lower  continental  rise  and  arc  tentatively 
identified  on  a  profile  which  crosses  the  adjacent  abyssal 
plain  (Fig.  1).  The  intrusive  bodies  are  observed  on 
profiles  at  distances  between  about  650  and  1,300  km  fron-i 
the  African  coast  in  water  depths  ranging  fronx  about 
4,685  to  5,670  m.  No  intrusive  bodies  are  visible  to  about 
1-5  s  (1-5  km)  seisniic  penetration  beneath  the  upper 
continental  rise,  where  the  sedimentary  layer  is  con- 
siderably thicker  than  on  the  lower  continental  rise. 

The  deformation  of  sedimentary  strata  adjacent  to  the 
intrusive  bodies  (Figs.  2  and  36)  indicates  that  thoy  ar(> 
diapirs  and  the  low  magnc^tic  intensity  indicat<>s  that  thoj- 
may  contain  rock  salt  or  clay  (Fig.  3(f).  The  seismic 
reflexion  profiles  resemble  those  of  luisampled  diapirs  in 
the  Mediterranean  basin',  where  Triassic  ovaporites  are 
found*,  and  also  the  profiles  of  diapirs  in  the  Gulf  of 
Mexico*,  of  probable  Late  Triassic  and  known  Middle 
Jurassic  rock  salt'.    The  diapirs  beneath  the  lower  conti- 


nental rise  and  abyssal  plain  off  north-west  Africa  have 
similar  cross-sectional  dimensions  to  those  which  form  the 
Sigsbee  knolls  at  about  3,800  m  below  sea  level  near  the 
middle  of  the  Gulf  of  Mexico',  and  JOIDES  drilling  has 
shown  the  latter  to  be  salt  domes*.  Diapirs  of  Triassic 
(Keuper)  and  Lower  Jurassic  rock  salt  have  been  reported 
from  the  Essaouira  and  Aaiiin  basins  of  north-west 
Africa'''"  and  older  than  Aptian  salt  domes  are  reported 
from  the  Senegal  basin".  Offshore  seismic  work  has 
revealed  sub-circular  uplifts  with  the  characteristics  of 
salt  domes  on  the  continental  shelf  off  the  Aaiun  basin" 
(Fig.  1). 

The  geophysical  data  and  the  regional  geologj'  £u-e 
consistent  with  the  view  that  the  observed  diapirs  (Figs. 
1,  2  and  3o,  6)  are  salt  domes,  and  their  origin  deep 
within  the  sedimentary  layer  suggests  a  pre-Tertiary  age. 
The  minimum  rate  of  ascent  of  the  diapirs  which  have 
readied  the  sediment-water  interfere  must  exceed  the 
minimum  rate  of  sediment  accumulation,  which  is  0-5  cm 
per  1,000  years  measured  in  a  core  containing  Pleistocene 
lutite  from  the  upper  continental  rise  south-west  of  the 
Canary  Islands'^.  At  this  rate,  a  maximum  time  of  ascent 
of  200-600  million  years  would  be  required  to  rise  through 
the   sedimentary  layer,   which  is    1-3  km  thick   in  the 
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Fig.  \.  I>ocatlons  of  conciirrent  seismic  reflexion  and  maRnetie  rr^''fll«« 
used  lu  this  study  (diuihed  lines);  the  seismic  reflexion  and  resldnal 
magnetic  profiles  lu  Figs.  2  and  3a.  6  are  indicated  by  a  solid  line. 
Locations  of  diapirs  (solid  circles)  and  the  magnetic  boundary"  (dashed 
and  dotted  line)  are  shown. 
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Fig.  2. 


Photograph  of  seismic  reflexion  profiler  record  (air  gun)  reveals  intrusive  bodies 
beneath  the  lower  continental  rise. 


vicinity  of  the  Canary  Islands'*'  The  observed  structures 
are  situated  up  to  about  700  km  seaward  of  a  magnetic 
boundary  (Fig.  1)  which  has  been  interpreted  as  an 
isochron  in  the  age  range  of  250-200  milHon  years'*, 
according  to  the  hypothesis  of  sea  floor  spreading' '-'°. 
Assuming  a  sea  floor  spreading  rate  of  2  cm  per  year,  then 
the  sea  floor  underlying  the  most  seaward  of  these 
structures  would  be  about  35  million  years  younger  than 
at  the  magnetic  boundary,  or  still  Middle  Jurassic  in  age. 
The  north-west  African  coastal  basins  have  no  distinct 
seaward  structural  terminations'^.  During  the  Late 
Triassic  and  Early  Jurassic,  suitable  conditions  for  evapo- 
rite  deposition  in  the  coastal  basins  may  have  extended 
at  least  1,300  km  seaward  of  the  present  north-west 
African  coast.  The  palaeolatitudes  of  north-west  Africa 
during  the  Late  Triassic  and  Early  Jurassic  nearly 
coincide  with  the  present  latitudes  and  the  present  lati- 
tudes   of   north-west    Africa    bracket    the    predominant 


Fig.  3.   a,  Beslduul  magnetic  profile  concurrent  with  the  seismic  reflexion 

profiler  record  abown  in  Fig.  2.   b,  Line  drawing  from  seismic  reflexion 

profiler  record  shown  in  Fig.  2. 


climatic  zone  for  evaporite  deposition^".  Atlantic  oceanic 
circulation  in  the  Late  Triassic  and  Early  Jurassic  would 
have  been  restricted  by  the  then  positions  of  the  conti- 
nents. The  fit  between  west  Africa  and  South  America 
is  fixed  in  space  by  the  matching  of  lithological  age 
provinces  and  geological  structures^' ■^^,  and  comparative 
stratigraphy  indicates  that  the  two  continents  were  con- 
tiguous until  the  Cretaceous^'.  A  Palaeozoic  fit  between 
Newfoundland  and  the  British  Isles  is  suggested  by  the 
alignment  of  principal  tectonic  and  stratigraphic  belts"*, 
while  the  contiguity  of  Northern  Europe,  Greenland  and 
Labrador  until  about  70  million  years  ago  follows  from 
remanent  magnetic  anomalies"*'"*. 

The  Atlantic  between  the  east  coast  of  North  America 
and  the  north-west  coast  of  Africa  in  the  Late  Triassic  and 
Early  Jurassic  periods  may  have  been  a  restricted  sea 
analogous  to  the  Dead  Sea  during  the  Plio-Pleistocene, 
when  1-4  km  of  rock  salt  was  deposited"'.  From  consider- 
ations of  symmetry  about  the  magnetic  boundary,  the 
restricted  Atlantic  sea  may  have  been  twice  the  width  of 
the  farthest  seaward  possible  rock  salt  deposits  or  at  least 
2,600  km  wide.  This  restricted  Atlantic  sea  may  have 
included  or  been  temporarily  connected  with  the  evaporite 
basins  which  produced  the  rock  salt  in  the  Gulf  of  Mexico 
and  the  Mediterranean.  Like  the  rock  salt  in  the  Dead  Sea, 
which  is  the  first  sediment  restricted  to  the  Dead  Sea 
graben"',  the  deposition  of  rock  salt  in  the  Atlantic  sea 
may  have  been  initiated  within  the  tectonic  setting 
provided  by  the  Late  Triassic  rifting,  evidence  of  which 
is  provided  by  block  faulting  of  that  age  parallel  to  the 
margins  of  eastern  North  America  and  north-western 
Africa'"'"''"'. 

The  deposition  of  thick  rock  salt  in  the  restricted 
Atlantic  sea,  as  in  the  Dead  Sea,  would  have  required  a 
saline  source  and  would  imply  a  limited  connexion 
between  the  restricted  Atlantic  sea  and  an  exterior  ocean. 
The  appearance  in  the  Late  Jurassic  of  deep  water  lime- 
stones on  the  Cape  Verde  Islands""-'"  and  possibly  on  the 
eastern  Canary  Islands",  together  with  the  deposition  of 
good  marine  limestones  in  the  north-west  African  coastal 
basins'",  indicate  that  the  restriction  on  the  Atlantic 
must  have  opened  by  that  time. 

I  thank  J.  A.  Ballard  and  E.  D.  Schneider  for  discussion 
of  the  seismic  data  and  the  US  Office  of  Naval  Research  for 
financial  support. 
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A  quantitative  morphological  fit  of  Australia  and  Antarctica  which 
is  also  geologically  permissible. 


The  jigsaw  or  morphological  fit  between  South  America 
and  Africa  was  an  important  stimulus  of  early  theories  of 
continental  drift'-',  but  it  is  only  recently  that  the 
excellence  of  the  fit  has  been  demonstrated  numerically^-'. 
The  problem  of  fitting  together  the  southern  continents 
around  the  Indian  Ocean  to  form  the  Gondwana  super- 
continent  is  more  difficult  and  remains  unsolved.     All  fits 


so  far  pr9posed  have  a  large  central  gap,  although  it  is 
possible  that  submerged  missing  sialic  pieces  ("micro- 
continents")  may  be  an  answer  to  the  pr')blem.  We  here 
attempt  to  discover  the  best  morphological  fit  between 
Australia  and  Antarctica  by  a  precise  and  objective 
method. 

The  numerous  fits  of  Australia  to  Antarctica^''-"'*''*  are 


moatly  of  tho  sketch-naap  vuricty.  No  one  lias  attempted 
to  fit  tho  south-western  teniuiuis  of  Austjaha  farther  west 
around  Antarctica  than  latitude  70"  E  (rof.  10),  presum- 
ably because  such  an  oblique  translation  is  intuitively 
unreasonable.  On  the  other  hand,  palaeomagnetic  con- 
siderations"^ place  south  Australia  adjacent  to  western 
Antarctica  east  of  the  Ross  Sea.  An  even  more  extreme 
possibility  is  the  placing  of  tho  Great  Bight  of  Australia 
against  Chile'. 

To  illustrate  tho  need  for  a  more  precise  solution,  P'ig.  1 
shows  three  previous  fits  for  Ajitarctica  and  Australia — 
those  of  Du  Toit*,  Carey"  and  Wilson''^  Even  in  this 
generally  preferred  region  of  fit  there  is  considerable 
variation. 

We  accept  the  1,000  fathom  isobath  as  the  proper 
contour  to  be  tested  for  congruency.  Although  somewhat 
too  shallow,  this  isobath  represents  approximately  one 
half  of  the  continental  relief  above  the  ocean  floor,  or  one 
half  of  the  so-called  isostatic  freeboai  d  of  the  continents. 
Tho  siipposedly  vertical  faces  of  tho  rifted  sialic  plate 
would  tend  to  adjust  their  shape  by  slumping  of  the 
continental  slope  and  by  flow  within  the  roots  of  the 
continent  so  that  an  overall  continental  extension  would 
occur.  The  position  of  the  top  of  the  continental  slope 
would,  however,  actually  retreat,  so  that  the  1.000 
fathom  isobath  might  be  a  better  marker  of  the  original 
position  of  the  primary  rift  than  the  bottom  of  the  conti- 
nental slope,  its  top  or  especially  the  shoreline.  Between 
Africa  and  South  America,  the  500  fathom  lino  was  found 
to  fit  slightly  better  than  (he  1,000  fathom  isobath',  but 
we  suspect  that  this  resulted  from  poor  knowledge  as  to 
the  exact  position  of  the  1,000  fathom  isobath  and  because 
deeper  topography  is  more  subject  to  post-rift  alterations. 
We  prefer  to  use  the  logically  correct  1,000  fathom 
isobath,  but  where  its  position  is  vague  or  unreasonably 
complex,  we  have  drawn  a  synthetic  1,000  fathon^  isobath 
by  extrapolating  dowai  from  the  500  fathom  line. 

For  a  meaningful  fit,  the  two  continental  outlines  to  be 
matched  should  have  roughly  equivalent  lengths.  Match- 
ing a  short  segment  against  a  long  one  could  lead  to  many 
good  fits  but  wotild  be  meaningless  unless  second  and 
third  order  curvatures  were  also  conformable.  The 
technique  we  have  used  is  a  corollary  of  that  used  by 
Bullard  et  al.''.  C(^Titres  are  determined  for  each  of  the  two 
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Fig.  1.  Three  previous  tits  of  .•Viistriilin  Into  An  la  re  lion  wliioli  i-ovi^i  mo 
sector  approxhnatoly  oxamlneii  for  n  coinpiiterii'.eil  best  lit.  'I'lie  eontl- 
nenta  are  represented  by  double  Hues,  the  hmer  line  9llo^vln^J  the  slioreline 
and  the  outer  one  the  undersea  isobath  whieli  the  perlhieut   authors 

regarded  as  tho  true  continental  margin. ,  Oarey'; , 

Du  Toit'; ,  Wilson". 


conlinental  outlines  so  that  iiiey  an;  approximately 
equidistant  from  most  points  along  the  given  isobath.s. 
A  quantitative  deteiTniriation  of  the  quality  of  fit  w 
obtained  by  minimizing  the  amount  of  overlap  phis 
undeilap  between  tho  two  critical  i.sobaths  when  they 
are  juxtapo.sed  by  a  superposition  of  their  centres.  Test 
positioning  of  the  two  curves  is  accomplished  by  consider- 
ing the  isobath  and  centre  of  one  continent  as  being  fixed, 
while  the  other  continent's  isobath  is  adjusted  in  incre- 
ments with  respect  to  its  superimposed  centr^  in  three 
ways:  raxJially,  along  one  of  the  ladii,  causing  separation 
to  vary;  cireumferentially,  so  that  the  movable  isobath 
slides  approximately  along  the  fixed  one;  and  by  end- 
point  rotation,  so  as  to  change  the  Vjasic  orientation 
between  the  two  isobaths  (Fig.  2).  Overlap  and  underlap 
are  then  measured  by  separation  of  the  two  isobaths  along 
regularly  spaced  radii  from  the  superimpo.sed  centres. 
The  smallest  mean  absolute  separation  defines  the  best  fit. 
The  solution  is  made  on  a  theoretical  sphere  with  the  aid  of 
a  eoinputer  and  then  mapped  stereographically  with  a 
Caleomp  plotter  about  the  superimposed  centres  of 
curvature.  In  this  way,  projection  distortions  between 
the  two  isobaths  are  made  uniform. 


Movable  isobath 


Eodpolnt 


Fixed  isobath 


Superimposed  centres 


Fig.  2.      The  test  positioning  of  a  movable  isobath  relative  to  a  fixed 

isobath  by  (A)  radial  translation,  (B)  circumferential  rotation,  and  (O 

endpoint  rotation. 


The  source  material  for  the  two  continents  was  obtained 
from  collection  sheets  and  contour  charts  of  the  US  Naval 
Oceanogiaphic  Office  (the  "BC"  series),  the  GEBCO 
(General  Bathjnnetric  Chart  of  tho  Oceans)  prepared  under 
the  auspices  of  the  International  Hydrographie  Bureau  by 
the  Royal  Australian  Navy,  various  special  siii-vey  charts 
and,  especially,  new  surveys  made  by  the  USC  or  GSS 
Oceanographer  on  her  1967  Global  Expedition.  During 
that  cruise,  tho  southern  margin  of  Australia  between 
Perth  and  Sydney  was  surveyed  while  one  of  us  (R.  S.  D.) 
was  tho  chief  scientist  aboard.  A  lazy-Z  pattern  was 
laid  out  especially  for  the  purpose  of  delineating  the 
1,000  fathom  isobath,  ui^d  sati^llite  navigation  was  used  to 
gi\e  fixes  to  within  0-2  nautical  miles.  Thus  the  position 
and  morphology  of  the  southern  eontinentrtl  slope  of 
Australia  are  now  well  known.  Unfortuiuuely,  the  outline 
of  (he  continental  slope  of  Antarctica  romains  piH^rly 
defined.  Sea  ice,  poor  position  control  and  fow  sounding 
lines  all  contribute  to  this  deficiency,  which  is  a  major 
defect  of  this  study. 

Position  of  Best  Fit 

We  have  attempted  computerized  tits  for  southern 
Australia  against  several  different  seetoi-s  of  Antarctica 
and  upon  somewhat  ditTerent  basic  assiunptions.  Tho 
best  tit  is  showni  in  Fig.  3.  which  juxtaposes  southern 
.Vustralia  against  the  Wilkesland  sector  of  east  .\nt- 
aretiea.  In  this  tit.  Tasmania  hooks  slightly  into  the 
Hoss  S(-a  !uid  otT  Vietorialand.  The  .south-western  end  of 
Australia  thei\  fits  against  .Antarctica  off  the  Knox  Coast. 

The  position  of  best  fit  ■was  obtaiiuHl  l\\-  a  superposition 


of  the  Australian  centre  of  curvature  at  51-2°  S,  122-7°  E, 
over  the  Antarctic  centre  located  at  81-0°  S,  106-0°  E, 
folloAved  by  a  47-5°  clociwise  rotation  of  the  western  end  of 
the  Australia  isobath  relative  to  the  western  end  of  the 
Antarctica  isobath  about  the  combined  centre.  Overlap 
area  amounts  to  95,248  km",  while  the  underlap  area 
equals  55,399  km".  The  total  area  of  misfit  is  equal  to 
150,647  km",  or  a  little  more  than  the  area  of  the  state  of 
Illinois. 

We  regard  this  fit  as  excellent  and  as  the  probable 
position  of  the  two  continents  before  their  rifting  in  the 
late  Mesozoic.  The  mean  absolute  misfit  is  40-3  km,  and 
the  root  naean  square  misfit  is  51-9  km.  In  contrast,  our 
Africa— South  America  fit  has  a  mean  absolute  misfit  of 
68-5  km  and  a  root  mean  square  misfit  of  101-6  km.  Tini.s 
the  fit  achieved  by  closing  this  portion  of  the  Antarctic 
Ocean  seems  better  than  that  obtained  by  closing  the 
South  Atlantic  Ocean. 

Some  comments  are  in  order.  Excluded  from  the  test 
fittings  were  the  Bruce  Plateau  and  the  Iselen  Plateau 
(our  name),  the  region  in  the  vicinity  of  Iselen  Seamount. 
These  are  rather  anomalous  protuberances  of  Antarctica's 
margin,  the  form  of  which  might  be  considerably  modified 
on  a  modern  survey.  Omitting  them  from  consideration 
seemed  to  introduce  less  bias  to  our  result.  The  Antarctica 
isobath  actually  used  for  fitting  in  the  vicinity  of  these 
projections  is  shown  by  the  dashed  line  in  Fig.  3. 

A  satisfying  aspect  of  our  fit  is  that  both  the  Iselen  and 
Bruce  plateaus  are  nicely  accommodated  when  replaced 
after  the  best  fit  determination.  Both  salients  provide 
constraining  "toe  ends"  for  Tasmania  to  the  east  and  for 
the  south-western  tip  of  Australia  to  the  west.  This 
suggests  that  both  of  these  projections  are  an   integral 


part  of  the  old  predrift  craton  of  eastern  Gondwana  and 
are  not  young  accretionary  volcanic  or  tectonic  additions 
to  Antarctica.  Thus  we  have  a  fit  of  Australia  which 
seems  to  be  keyed  into  the  Antarctic  margin. 

We  also  find  -"hat  the  Naturalists  Plateau  fits  rather 
snugly  against  the  Bruce  Plateau,  although  as  the  inner 
portion  of  this  deep  terrace  is  deeper  than  1,000  fathoms  it, 
too,  was  not  considered  in  our  Computer  program.  Oceano- 
grapher's  survey,  however,  indicated  that  the  Naturaliste 
Plateau  does  have  abrupt  margins  like  continental  slopes 
and  its  magnetic  signature  is  consistent  with  sialic  rock, 
so  that  it  is  probably  a  true  continental  projection. 
Intuitively,  it  seems  reasonable  that  such  triple-point 
junctions  in  the  breakup  of  Gondwana  would  result  in 
more  complex  topography  than  the  simple  separation 
along  a  suture. 

Our  quantitative  best  fit,  of  course,  can  only  approxi- 
mate reality.  The  margins  of  continents  must  undergo 
some  tectonic  and  sedimentary  modification  resulting  in 
extensions  or  retractions  of  the  original^  continental 
outline.  Sizable  underlaps  may  be  due  to  the  presence 
of  microcontinents  such  as  exist  in  the  Indian  Ocean — 
Seychelle  Islands,  for  example — but  apparently  not  in  the 
South  Atlantic.  There  do  not  seem  to  be  any  micro- 
continents  which  would  affect  the  Australia-Antarctica 
fit. 

The  greatest  mismatch  is  an  overlap  which  superimposes 
the  isobath  off  Antarctica's  George  V  Coast  over  the  Aust- 
ralian margin  extending  from  the  region  near  Kangaroo 
Island  and  eastward  across  the  offshore  Otway  Basin. 
The  overlap  has  a  width  of  as  much  as  74  nautical  miles 
(137  km)  and  extends  horizontally  for  1,089  nautical  miles 
(2,017  km).    Why  this  overlap  exists  we  can  only  surmise. 


Fig.  3.   The  be8t  fit  of  Australia  witii  respect  to  Antarctica  by  computerized  matching  of  the  1,000  fathom  isobaths.  Ruled  line  pattern  indicates 
continental  shelf  and  slope  from  shoreline  (inner  contour)  to  the  1,000  fathom  isobath  (outer  contour).      Overlap  areas  are  cross-ruled  and 

underlap  areas  are  blank. 
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Fig.  4.     Time-sequence  diagram  to  show  the  presumed  rifting  and  drifting  apart  of  Australia  and  Antarctica 
with  some  resultant  extension  of  the  Austrahan  margin. 


Possibly  the  true  outline  of  Antarctica  along  this  sector  is 
considerably  in  error.  Another  possibility  is  that  there 
is  a  post-rift  volcanic  accretion,  perhaps  related  to  the 
Balleny  Island  volcanics",  or  that  sedimentary  material 
has  been  draped  over  the  continental  slope. 

The  thin  and  depressed  crustal  region  of  the  Antarctic 
craton  landward  of  the  George  V  Coast  between  uhe 
Trans-Antarctic  Range  and  the  central  craton  of  East 
Antarctica".'"  ihay  have  controlled  the  position  of  a 
major  drainage  basin.  This,  in  turn,  would  cause  exten- 
sive offshore  sedimentation  and  continental  slope  pro- 
gradation  by  funnelling  sedimentary  detritus  from  the 
Antarctic  craton  to  the  ccntmoiital  margin. 

On  the  Australian  side  of  this  sector,  results  from  the 
Global  Expedition  of  the  USC  and  GSS  Oceanographer  and 
oil  company  offshore  data  also  provide  support  for  mar- 
ginal extension  of  southern  Australia  (unpublished  work). 
There  is  a  thick  section  of  sediments  on  the  continental 
shelf  and  slope  off  the  Otway  Basin  in  which  the  beds  dip 
landward  and  the  section  is  downdropped  in  a  steplike 
fashion  presumably  by  normal  faulting.  We  suggest  that 
this  represents  taphrogenic  relaxation  associated  with 
rifting  and  continental  drift,  as  shown  in  Fig.  4.  A 
parallel  may  be  drawn  with  the  downdropped  blocks 
marginal  to  the  Red  Sea-"  and  between  Tasmania  and 
the  mainland  of  Australia".  The  overall  effect  of  this 
tensional  faulting  and  extensive  sedimentation  must  be  to 
extend  somewhat  the  continental  margin  beyond  its  pre- 
rift  position.  This  may  not  account  for  all  the  overlap 
in  this  sector  of  our  fit,  but  it  may  at  least  bo  a  partial 
explanation. 

Geological  Considerations 

The  fit  is,  of  course,  purely  morphological,  but  it  is  also 
geologically  permissible  and  roughly  agrees  with  that 
commonly  obtained  by  geological  reasoning^"'". 

In  our  fit,  the  Adelaide  Pre-Cambrian-Ciunbrian  mio- 
geosynclino  is  correlated  with  a  similar  foldbelt  of  similar 
ago  extending  across  Antarctica  from  the  George  V 
Coast  to  the  Weddell  Sea.  The  Cambrian  ploospongo, 
Archeooyatha,  characterizes  both  of  those  foldbelt*. 
From  radiometric  data,  in  both  Australia  and  Anteirctica 


an  old  Pre-C'ambrian  foldbelt  lies  to  the  west  of  this 
foldbelt,  while  a  lower  Palaeozoic  basement  of  eugeosyn- 
clinal  character  lies  to  the  east.  Sutherland^*  has  pointed 
out  the  similarity  of  age  (Jurassic,  roughly  160  m.y.)  and 
orientation  of  dolerito  dikes  in  Tasmania  with  those  of 
Victorialand  in  Antarctica  just  west  of  the  Ross  Sea.  Tho 
reconstruction  we  propose  places  them  in  close  juxta- 
position. 

There  remains  an  urgent  need  for  a  detailed  bathy- 
metric  and  geophysical  survey  along  the  margin  of  East 
Antarctica  to  define  further  the  true  outline  of  this 
continent  and,  especially,  to  reveal  the  exact  nature  of 
the  Bruce  and  Iselen  plateaus,  which  seem  to  provide 
constraining  toe  ends  for  our  prop<ised  fit. 

Received  October  28,  1968;  revised  February  7,  1960. 

'  Snider,  A.,  I,a  0-rialion  el  ses  Myst^res  D^voiles  (Paris,  1858). 

'  Wegener,  A.,  The  Origin  of  Continents  and  Oi-eans  (Ix)ndon.  1924). 

•  Du  Toit,  A.  L.,  Carnfffie  Insl.  of  Washington.  DC.  38  (1927). 

'  Du  Toit,  A.  L.,  Our  Wandering  Continents  (Oliver  and  Bovd.   London 
1937). 

•  Carey,  S.  W.,  Oeol.  Mag..  92,  19<i  (1855). 

•Carey,   S.   W.,   Continental  Drift— A   Symposium.   177  (Iniv.   Tasm.inia 

1958). 
'  lUillard,  E.  C.  Everett.  J.  E.,  and  Smith,  A.  G.,  Phil.  Trans.  Roy.  Sof 

London,  1088A.  41  (1965). 
'  C'hevallier,  J,  M..  and  Caillour,  X.,  Z.  Geomorphol..  3.  257  (1959). 

•  Maacl(,  R.,  Tuvnty-first  Intern.  Oeol.  Conj..  CoptnAaijen.  I'art  li.  35  (1040). 
"  Ma,  T.  Y.  H..  ./.  Ceomaa.  Qeoelee..  13.  133  (1962). 

"  King,  L.  C.  Morphology  of  the  Earth  (Hafncr  Pub.  Co.,  New  York,  19«2). 

"  Wilson,  J.  T.,  .Vir/Hrf,  198,  l>2r.  (1963). 

"  Gough,  D.  1..  Opdyke,  \.  D.,  and  McKlhiiinv.  M.  \V..  J.  Ueonhfis.  lies    69 

2509  (1964). 
"  Irving.   E..   I'alaeotnagnetiam  and  Its  Appliealion  to  Geologieat  and  G*^ 

phiisieai  Prohlems.  chap.  10.  256.  Special  Topics,  Sect.  II  (Wilev.  S»w 

York,  1964). 
"  Van  Hilten,  11..  Tectonophysies.  1.  3  vivuij. 
"  Creer,  K.  M..  /)«c<)irrv.  26.  34  (1965). 
"  Lisitr.in,  A.  P..  Deep-Sea  Res..  7,  89(1960). 

"  WooUard,  (i.  P..  .4»i<t.  Oeophys.  I'nion  Geophys.  Monot.  T.  53  (1962). 
"  Thiel,  E.  C,  Amer.  Geophys.   Vnion  Geophys.  Monog..  .".  172  (1962). 
"  Drake,  C.  1,.,  and  Oirdler,  H.  \V.,  Geophys.  J..  8.  473  (19«4). 
"  Weeks,  l...  and  Hopkins,  Amer.  Assoe.  FelrKtl.  Gei^.  BuJl..  51.  742(1967). 
"  Hamilton,  W.,  I\>lar  Wantiering  and  VoitlineHlat  ;>ri/t.  Spin-.  Pub.  10.  74 

(Soo.  Kcon.  (ieologisls  and  Paleontologists.  1963). 
"  Hurley,  P.,  ,sVi.  .■(m<T..318,  4.  52  (1968). 
"  Sutherland,  F.  L..  Paptrs  and  Proc.  Roy.  Soc.  Tatmama.  100.  1S3  (1966). 


PriTilcd  In  Grcnl   Britain  by  Fisher.   Knishl  .*  Co..  lid  .  S    ,MNun. 


\. 


ENVIRONMENTAL  SCIENCE  SERVICES  ADMINISTRATIOr 


RESEARCH  LABORATORIES 


NATIONAL  HURRICANE  RESEARCH  LABORATORY  TECHNICAL  MEMORANDA 


Reports  by  units  of  the  ESSA  Research  Laboratories,  contractors,  and  coop- 
erators  working  on  the  hurricane  problem  are  preprinted  in  this  series  to  faciUtate 
immediate  distribution  of  the  information  among  the  workers  and  other  interested 
units.  As  the  limited  reproduction  and  distribution  in  this  form  do  not  constitute 
formal  scientific  publication,  reference  to  a  paper  in  the  series  should  identify  it 
as  a  preprinted  report. 

Other  reports  in  this  series  have  been  prepared  by  the  National  Hurricane 
Research  Project  of  the  U.  S.  Weather  Bureau,  by  the  National  Hurricane  Re- 
search Laboratory,  as  a  part  of  the  Weather  Bureau  Technical  Note  Series,  and 
as  NHRL  Technical  Memoranda,  a  subseries  of  the  Institute  of  Environmental 
Research  Technical  Memoranda  series. 

Beginning  with  No.  81,  they  are  identified  as  NHRL  Technical  Memoranda, 
a  subseries  of  the  ESSA  Research  Laboratories  (ERL). 

The  reports  are  available,  at  a  cost  of  $3.00  per  hard  copy  (microfische,  65 
cents),  from  the  Clearinghouse  for  Federal  Scientific  and  Technical  Information, 
U.  S.  Department  of  Commerce,  Sills  Building,  Port  Royal  Road,  Springfield, 
Virginia  2215L 


34 


U.S.  DEPARTMENT  OF  COMMERCE 
Environmental  Science  Services  Administration 
Research  Laboratories 


ESSA  Technical  Memorandum    ERLTM-NHRL  86 


NUMERICAL  EXPERIMENTS  ON  RING  CONVECTION 

AND  EFFECT  OF  VARIABLE  RESOLUTION 

ON  CELLULAR  CONVECTION 


Richard  A.    Anthes 


National  Hurricane  Research  Laboratory 
Miami,    Florida 
June  1969 


TABLE  OF  CONTENTS 

Page 

ABSTRACT  iv 

LIST  OF  SYMBOLS  v 

1.  INTRODUCTION  1 

2.  BASIC  EQUATIONS  AND  COMPUTATIONAL  PROCEDURE  2 

3.  CELLULAR  CONVECTION  4 

4.  EFFECT  OF  GEOMETRY  ON  CONVECTION  RINGS  AND  CELLS  5 

5.  RATE  OF  DEVELOPMENT  AND  GEOMETRY  ASSOCIATED  WITH  7 
RING 

6.  EFFECT  OF  SCALE  (SIZE  OF  DOMAIN)  ON  CELLULAR  9 
CONVECTION 

7.  EFFECT  OF  SCALE  ON  RING  CONVECTION  10 

8.  INCREASED  HORIZONTAL  RESOLUTION  12 

9.  LARGE-SCALE  CONVECTION  WITH  VARIABLE  RESOLUTION  13 

10.  SMALL-SCALE  CONVECTION  WITH  VARIABLE  RESOLUTION  15 

11.  SUMMARY  16 

12.  ACKNOWLEDGMENTS  17 

13.  REFERENCES  18 


113- 


ABSTRACT 

Ring  convection  is  studied  with  Ogura's  shallow  moist 
convection  model.   Small-scale  rings,  3  km  in  diameter,  grow 
at  slower  rates  than  single  cells.   Thirty-three  percent  of 
the  updratt  recirculates  nearly  uniformly  inside  the  ring, 
with  67  percent  descending  outside  the  ring.   Downdrafts 
associated  with  large-scale  rings,  30  km  in  diameter,  how- 
ever, approach  line  symmetry,  with  43  percent  of  the  mass 
recirculating  inside  and  57  percent  outside  the  updraft. 

The  effect  of  variable  radial  resolution  on  cellular 
convection  is  also  examined.   Large-scale  cellular  convection 
described  by  a  constant  coarse  resolution  develops  slowly 
because  of  artificial  damping  of  the  faster  growing  shorter 

waves.    Introducing  a  variable  resolution  through  the  trans- 

2 
formation  r  =  x   +  Cx  allows  the  development  of  these  shorter 

waves  in  the  fine-mesh  region.   Growth  rates  from  the  variable 

resolution  experiments  are  in  closer  agreement  than  those 

from  the  constant  resolution  experiments  with  rates  predicted 

from  linear  theory. 


XV 


LIST  OF  SYMBOLS 

U   -    radial  component  of  velocity 

W   =  vertical  component  of  velocity 

Q      -     tempe  ra  tur e  , 

P  -    pressure 

P   =  constant  reference  pressure  (1000  mb  ) 

reference  potential  temperature  (300°K) 
Tqo  -  reference  temperature  (300°K) 
q   =  mixing  ratio  of  water  vapor  to  dry  air 
mixing  ratio  of  liquid  water  to  dry  air 


®     - 


q 

TT 

T  =  temperature  in  dry  adiabatic  atmosphere 


R/c, 


'  =  prime  sym.bol  denoting  deviation  from  reference 
a  tmos  pher e 

0  =  specific  entropy 

1/     =    coefficient  of  eddy  viscosity 

Q     =    equivalent  potential  temperature 


The  other  symbols  used  have  their  standard  meteorological 
mean  ing . 


NUMERICAL  EXPERIMENTS  ON  RING  CONVECTION  AND  EFFECT 
VARIABLE  RESOLUTION  ON  CELLULAR  CONVECTION 


OF 


Richard  A.  Anthes 


INTRODUCTION 


Buoyant  convection  has  been  studied  as  an  initial  value 
problem  in  recent  years  through  numerical  experiments  that 
t ime  -  in t eg ra te  a  complete  set  of  hyd r o -d ynam ic a  1  equations. 
Malkus  and  Witt  (1959)  examined  the  results  of  introducing  a 
temperature  perturbation  in  a  neutral  or  stratified  environ- 
ment initially  at  rest.   Lilly  (1962)  investigated  the  two- 
dimensional  vortex  generated  by  the  release  of  a  buoyant 
fluid  in  a  stable  environment  and  later  (Lilly,  1964)  trans- 
formed the  Boussinesq  equations  so  that  s hape -pr es e rv ing 
buoyant  elements  were  steady-state  solutions  in  the  trans- 
formed variables. 
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Part  of  this  research  was  done  while  the  author  was  with 
the  Department  of  Meteorology,  University  of  Wisconsin,  Madison, 
Wisconsin. 


although  smaller  by  a  factor  of  two  than  those  predicted  by- 
linear  theory.   Because  Ogura's  (1963)  moist  convection  model 
was  reasonably  successful  in  simulating  many  features  of 
shallow  convection,  because  it  includes  the  release  of  latent 
heat,  and  because  of  its  relative  simplicity,  additional  nu- 
merical experiments  with  this  model  were  performed  and  are 
discussed  in  this  paper. 


2.    BASIC  EQUATIONS  AND  COMPUTATIONAL  PROCEDURE 

Ogura's  (1963)  dynamic  equations  for  moist  convection  are 
summarized  for  convenience.   (The  notation  is  the  same  as 
Ogura's  and  is  given  in  the  List  of  Symbols.)   The  equations 
of  motion,  continuity,  the  first  law  of  thermodynamics,  and  the 
continuity  equation  for  water  vapor  are  written  in  cylindrical 
coord  ina t es  as 
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where 


0  =  7=N  +  -r^-  q 


(6) 


H)    CpT^ 


Ogura  calculates  the  saturation  specific  humidity  from 
the  approximate  formula 
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and  the  saturation  vapor  pressure  from 

a(T„-273)/(To-b) 
65  (TJ=  6.11  X  10 


(8) 


Wi 


th  a  =  7.5  and  b  =  36.0 


Where  friction  is  calculated  explicitly,  the  followin; 
equations  are  used: 


Fr    --    z/(V  u  -   7^)   . 


(9) 


Ri     =  z/  V  w     , 


(10) 


Dg  =  z/V^0'  , 


(11) 


Dq  =i/V   q    , 


(12) 


where 


v^=  ^+  1    ' 
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The  stream  function,  y      ,     is  defined  by 
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(  13) 


and  a  vorticity  equation  is  obtained  by  eliminating  IT 
f  rom  ( 1 )  and  ( 2  )  : 
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After  U  ,  W  if))     ^rid  0^  have  been  calculated  from  initial 
distributions  of  <//  ,  6     ,     C|y,and  q|  (from  (13),  (15),  and  (6)), 
0'  ,   q^and  T)      are  extrapolated  in  time  from  (4),  (5), and  (14) 
based  on  forward  time  differences  and  uncentered  space  dif- 
ferences taken  along  the  direction  of  the  flow.   The  ^  -field 
is  then  determined  from  the  ''7  -field  by  solving  (15)  as  an 
elliptic  partial  differential  equat ion , wit h  \^   =  0  on  the 
boundar  ies . 


3.   CELLULAR  CONVECTION 

Our  first  calculation  was  an  attempt  to  duplicate 
Ogura's  Run  2  (1963)  in  which  initial  lapse  rate  (bT/^^) 
is  -7.20C/km,  temperature  excess  (.  9^   )     is  1°C, 
initial  relative  humidity  is  100  percent,  and  coefficient 
of  eddy  viscosity  is  4.0  x  104  cm^  sec"!.   The  stream  function 
and  vertical  velocities  after  7  min  are  shown  in  figure  1, 
and  the  variation  with  time  of  W  f^nx  '^^  shown  in  figure  2. 

Although  the  basic  features  (e.g.,  shape  of  circulation, 
growth  rates)  of  the  experiments  agree  so  that  the  models 
appear  quite  similar,  it  was  impossible  to  duplicate  Ogura's 
results  exactly.   The  differences  probably  result  from  diffejrent 
choices  of  Too  and  (^  ,  since  the  static  stability,  S  ~/\^^ 
is  dependent  on  these  reference  parameters.  vlj/ "  ^ 

Ogura  calculated  the  saturation  specific  humidity  from 
(7)  using  the  constant  reference  pressure  (  P ).   However,  the 
pressure  varies  by  about  300  mb  over  the  3 -km  depth,  and  this 


Figure  1.   Stream  function  (solid  lines, 
10^  m-^  sec"  )  and  vertical  velocity 
fields  (dashed  lines,  m  sec"-'-)  for  Run  1 


affects  the  distribution  of  C|  g   and,  hence  S  .   For  example, 
the  stability  (approximated  by  uesec~  "^Skm     )  based  on  (7) 

(h)  3000  m 
is  7.7  X  10~5  tn~l.   If  the  pressure  variation  is  considered, 
this  value  is  reduced  to  3.8  x  10~^  m"-*-.   In  all  experiments 
discussed  here,  the  height  dependence  of  pressure  based  on 
the  initial  temperature  distribution  was  included  in  computing 


EFFECT  OF  GEOMETRY  ON  CONVECTION  RINGS  MiB    CELLS 


Recent  ATS-1  satellite  photographs  over  the  tropical 
oceans  indicate  the  presence  of  ring-  or  doughnu t -s haped 
convection  consisting  of  an  annular  ring  of  clouds  surrounding 
a  clear  center.   The  diameters  of  typical  we  1 1 -d eve lo ped 
rings  vary  between  30  and  90  km  and  the  ratio  of  inside  to 
outside  diameters  is  about  .7  (VonderUaar  et  al.,  1968). 
For  example,  figures  3  and  4  show  an  ATS-1  photograph  of  a 
group  of  such  rings  over  the  Pacific  and  an  enlargement  of  a 
region  in  the  tropical  Pacific  containing  an  isolated  ring. 


F  igure 
imum 


3       4 
TIME  (mm) 

2.   Variation  with  time  of  max- 
upward  velocity  (log  scale). 


To  apply  Ogura'; 
cloud  model  in  de- 
scribing convective 
rings,  several  ex- 
periments were  per- 
formed, beginning  with 
the  initial  tempera- 
ture perturbation  at 
various  distances 
from  the  axis  of 
symmetry,  instead  of 
on  the  axis  as  in  the 
case  of  a  single  cell 
This  initial  condi- 
tion corresponds 
physically  to  a  ring 
of  hot  air.   Although 
it  is  difficult  to 
imagine  a  physical 
mechanism  responsible 
for  such  a  ring, 
these  conditions  lead 
to  development  of 
ring  convection  by 
the  model ,  and  in 
this  way  the  physical 
properties  of  such 
rings  may  be  studied. 

In  us  ing  this 
model  we  assume,  of 
course,  that  the  ring- 
shaped  cloud  patterns 
consist  of  a  single 
circularly  symmetric 
cloud  annulus,  but 
the  distinct  possi- 
bility exists  that 
the  ring-shaped  pat- 
terns consist  of 
circular  pattern.   If 


many  cylindrical  cells  organized  in  a 
this  is  indeed  the  case,  we  neglect,  by  using  this  model,  the 
interactions  between  adjacent  cells  and  the  azimuthal  vari- 
ations of  the  dependent  variables.   Solution  to  this  problem 
would  require  further  observational  studies  and,  possibly, 
development  of  a  three-dimensional  convection  model. 


of 


Experiments  1,  2,  and  5  deal  with  small-scale  (dimensions 
'box"  3  km  x  3  km,  as  in  Ogura  '  s  experiments)  cellular  and 


Figure  3.   ATS-1  satellite  photograph  over  the  Pacific. 


ring  convection, 
cell  and  ring  on 


In  experiments  3,  ^■  ,     and  6,  we  examine  the 
a  larger  horizontal  scale  (30  km  x  3  km). 


RATE  OF  DEVELOPMENT  AND  GEOMETRY  ASSOCIATED  WITH  RING 


In  Runs  1  and  2,  all  conditions  were  identical  except 
that  the  radial  (r)  dependence  of  initial  temperature  excess 
in  Run  2  was  given  by  TqCXP  (- 2.3  |i.5  -  r  |  /0.32)  j  instead  of 

byToexp(-2.3(r/0.32))  . 

The  maximum  initial  temperature  excess  is,  therefore,  at 
1.5  km  instead  of  at  the  origin. 

In  Run  2,  convection  develops  in  a  ring  at  the  center  of 
the  domain;  the  descending  motion  occurs  on  both  sides  of  the 
ring.   Figures  1  and  5  show  the  stream  functions  and  vertical 
velocities  after  7  min  for  Runs  1  and  2,  respectively.   The 
circulation  associated  with  ring  convection  develops  more 
slowly  than  that  of  the  single  cell  (see  the  plot  of  W^qx  vs  . 
time,  fig-  2).   The  exponential  growth  rate  of Wmax  ,  as  deter 
mined  by  the  slope  of  the  straight  line  after  4  min  in  Run  1, 


Figure  4.   Enlargement  of  region  in  fij 
taining  single  convection  ring. 
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The  differences  in  the  downdraft  may  be  explained  by  the 
mass  dependence  on  radius  in  the  cylindrical  coordinate  system. 
If  the  downdraft  occurs  at  radii  less  than  that  of  the  updraft, 
greater  velocities  are  required  for  mass  balance  than  if  it 
occurs  at  radii  greater  than  the  updraft's.   In  Run  1  the 
radius  of  the  cell  is  about  400  m,  while  in  Run  2  the  thickness 
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Figure  5.   Stream  function  and  vertical 
velocity  fields  for  Run  2.   Key  same 
as  in  fig.  1 . 


Be  caus  e  of  the 
mass  dependence  on 
radius,  the  downward 
mass  transport  outside 
the  ring  is  about  twice 
that  inside,  although 
the  velocities  outside 
Tcare  smaller.   Thus, 
approximately  2/3  of 
the  updraft  recirculate 
outside  the  convective 
ring,  while  1/3  returns 
ins  ide  it . 


6.   EFFECT  OF  SCALE  (SIZE  OF  DOMAIN)  ON  CELLULAR  CONVECTION 

Runs  3  and  1  contrast  small-scale  with  large-scale 
cellular  convection.   In  Run  3,  all  horizontal  dimensions  from 
Run  1  (3  km  x  3  km)  were  scaled  by  10,  giving  a  horizontal 
distance  of  30  km  and  a  grid  size  A  r  of  1  km.   The  temperature 
perturbation  was  given  by  T   =  T^exp  (-2.3  r/3200)  ,  with 

To  =  1  C  so  that  the  initial  temperature  gradients  were 
1/10  of  those  in  Run  1. 


As  expected,  the  large-scale  convection  developed  at  a  muc 
slower  rate  than  the  small-scale.   Figure  7  shows  the  stream 
function  and  vertical  velocities  from  Run  3  after  7  min, 
which  may  be  compared  with  those  from  Run  1  (fig.  1).   Figure  6 
shows  the  radial  profile  of  normalized  vertical  velocity. 
The  width  of  the  updraft  is  about  1.5  km  in  Run  3  compared 
with  400  m  in  Run  1.   For  the  large  scale,  Wmox  is  1.4  m/sec 
or  about  10  times  smaller  than  W  max  for  the  smaller  scale. 
The  growth  rate  ofWmaxafter  4  min  in  Run  3  is  4.15  x  10"^  sec 
or  7  3  percent  that  of  Run  1  (fig.  2). 
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RUN  2 


Figure  6 
1  oc  i  t  y 


Radial  profile  of  normalized  vertical  ve- 


An  interesting  feature  in  Run  3  is  the  devel 
small  amplitude  waves  at  large  distances  from  the 
waves  appear  after  5  min  at  the  upper  levels  and 
Since  computational  instability  is  usually  indica 
cillations  of  the  wavelength  2Ar  (2  km  in  this  ca 
observed  here  may  be  internal  gravity  waves  gener 
rising  disturbance  in  the  center.  These  waves  do 
in  the  3  km  x  3  km  experiments  where  there  is  suf 
instability  to  allow  continued  growth  of  the  clou 
smaller  dimensions  restrict  development  of  such  s 
waves.  However,  in  some  of  Ogura's  experiments  i 
initial  buoyancy  of  the  thermal  was  insufficient 
conditional  instability  to  be  realized,  the  prima 
lates  and  generates  similar  gravity  waves. 
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7.   EFFECT  OF  SCALE  ON  RING  CONVECTION 

Experiments  2  and  4  contrast  small-  and  large-scale  rin^ 
convection.   Figure  8  shows  the  stream  function  and  vertical 
velocity  distribution  after  7  min  for  Run  ^■  .       The  large-scale 


10 


r- 


o  — 

o 


o- 


(r. 


lUM) 


.00 


M 


_  o 


Cl 

a) 

u 

S 

■  ^ 

a 

•i^ 

en 

Li 

CJ 

>> 

> 

CJ 

'  'J 

C 

c 

cf 

c 

0 

c, 

•  H 

0 

+J 

Qi 

'J 

c 

J-i 

D 

0 

U-J 

U-l 

e 

CO 

cU 

T3 

CU 

, — 1 

• 

Lj 

CU 

1 — 1 

4-1 

■  ^ 

m 

0-1 

bO 

>» 

■  ^ 

• 

4-) 

0-/ 

00 

•^ 

CJ 

C 

CU 

0 

'r-l 

S-i 

r-H 

a 

d) 

tn 

bO   >    CD 


Pu 


E 


CO 

Q) 

a 

e 

■r-l 

nj 

4-) 

CO 

S-I 

QJ 

>, 

> 

CU 

73 

C 

CT3 

n 

C 

0 

c 

■r4 

a 

-P 

c^ 

CJ 

C 

u 

3 

0 

U-l 

U-l 

e 

CO 

CD 

xs 

QJ 

1 — i 

• 

l-i 

(U 

r-H 

4-1 

•r^ 

C/1 

CU 

W 

>. 

■r4 

• 

■•-> 

CAJ 

r-» 

•r^ 

0 

c 

d) 

0 

•^ 

1-1 

1— 1 

3 

Q) 

(0 

bO 

> 

cfl 

(UJ>1) 


b 


11 


ring  convection  develops  more  slowly  than  the  small-scale 
and  is  5  times  wider  (2.5  km). 

As  shown  by  the  normalized  vertical  velocity  profile 
(fig.  6d ) ,  the  downdrafts  are  more  symmetric  with  the  updraft 
in  the  large-scale  ring  than  they  are  with  the  small-scale 
ring  (Run  2).   The  percentage  of  mass  recirculating  inside 
the  ring  rose  from  33  percent  in  Run  2  to  43  percent  in  Run  4, 
which  is  expected  as  the  radius  of  curvature  increases  and  the 
behavior  of  the  ring  approaches  that  of  a  cloudline. 


INCREASED  HORIZONTAL  RESOLUTION 
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n  numerical  models  of  atmospheric  convective  phenomena, 
s  cumulus  clouds,  squall  lines,  or  hurricanes,  it  is 
ntly  desirable  to  have  a  greater  resolution  in  one  part 

domain  than  in  another.   In  numerical  models  of  hurricanes, 
ample,  a  fine  mesh  is  desirable  near  the  eyewall  where 
ntal  gradients  are  largej  on  the  outskirts  of  the  storm, 
nts  are  weak  and  a  fairly  coarse  grid  is  adequate.   In 

of  cumulus  convection,  higher  resolution  in  the  vicinity 

cloud  is  more  desirable  than  in  the  regions  farther  away 
he  cloud.   In  the  transformation  r=  X^+Cx    ,  where  r 

radial  distance  and  X   is  the  new  transformed  distance, 
ysical  grid  distance  AT  is  proportional  to  the  transformed 
ce  X  for  a  f ixed A  X ( A r  =  {2x  +  C)  A x)   .   The  finite  difference 
imations  of  the  equations  of  motion  may  be  written  in 
of  X   and  AX   ,  to  obtain  a  continuously  varying  resolu- 
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que  (1962),  Syono  (1962),  and  Kuo  (1965)  have  made 
rans format  ions  in  their  numerical  models  of  hurricanes, 
little  has  been  written  on  the  effect  of  these  trans- 
s  on  the  behavior  of  the  models.   To  better  understand 
tages  and  disadvantages  (if  any)  of  such  transformations 
in  further  insight  into  Ogura ' s  mode  1  ,^  s ever a  1  experi- 
e  run  based  on  the  transformation  r=  X  +  Cx      .   The 
n  is  that  such  a  transformation  is  useful  and  that  the 
n  described  by  the  increased  resolution  differs  sig- 
y  from  the  convection  with  less  resolution.   In  par- 
growth  rates  from  the  highly  resolved  convection  are 
agreement  with  the  growth  rates  predicted  by  linear 
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ten  in  terms  of  the  new  coordinate  s 
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inite  difference  equations  were  written  in  terms  of 
AX.   The  transformed  versions  of  (4),  (14),  and  (15) 
1  lows  : 
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The  V   operator  in  the  transformed  coordinate  is 


(  15'  ) 
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The  constant  C  was  chosen  to  give  10  times  the  untrans- 
formed  (constant)  resolution  at  the  origin  and  to  keep  the 
total  number  of  grid  points  the  same  3  1  .  ^^  Thus,  for  the  3  km  x 
30  km  domain,   c  =  12.4  m"2,   x   =  5.56  m'^ ,  so  that  Lt   varies 
from  100  m  at  the  origin  to  1923  m  at  r  =  30  km,  as  indicated 
schematically  below. 
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Note  that  a  gain  of  10  times  the  resolution  near  the 
center  is  accompanied  by  a  loss  of  only  2  times  at  the  edge  of 
the  domain.   The  time  increment  A  t  was  chosen  to  satisfy  the 
computational  stability  requirement  for  the  minimum   A  r  . 


9.   LARGE-SCALE  CONVECTION  WITH  VARIABLE  RESOLUTION 

Runs  3  and  6  compare  the  large-scale  cumulus  cell  as 
described  by  the  normal  coordinate  system  (Run  3)  and  the 
transformed  system  (Run  6).   Figures  7  and  9  show  the  stream 
functions  and  vertical  velocities  from  the  two  runs  after 
7  min.   In  the  variable  resolution  case  (Run  6),  the  vertical 
velocities  at  the  origin  are  about  10  times  larger  than  those 
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with  the  Coriolis  parameter   f   =  0;  the  depth  of  the  fluid 

h  =  3  km;    OL     (the'ratio  of  h   to  updraft  diameter  x   )  =  1.0; 
S  =  3  X  lO"-^  m~  ;  and  u^       =1/^-1/        =  4.0  m^  sec"!,  we  obtain 
Q  =  12  X  10-3  sec-1.   Hence,  the  growth  rate  observed  in 
Run  6  is  much  closer  to  the  theoretical  rate  than  that  observed 
in  Run  3.   It  should  be  noted,  however,  that  the  theoretical 
growth  rate  of  12  x  10-3  ^oes  not  include  the  implicit  diffusion 
in  the  upstream  differencing  scheme.   Ogura  also  notes  that  the 
growth  rates  observed  in  his  calculations  appear  too  small. 


Anothe-r  important  difference  between  the  two  convection 
experiments  is  the  horizontal  width  of  the  updraft.   The  up- 
draft in  the  high  resolution  experiment  is  1.2  km  wide,  which 
is  somewhat  lower  than  that  in  the  constant  resolution  experi- 
ment.  This  difference  is  probably  related  to  the  theoretical 
result  that,  in  a  conditionally  unstable  atmosphere,  disturbances 
with  the  shortest  wavelengths  grow  most  rapidly  when  viscous 
effects  are  neglected.   Figure  10  shows  the  growth  rates  as  a 
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function  of  updraft  di- 
ame  ter  X  fori/   = 
4.0  X  10^  cm^  sec"^  and 
several  v/ilues  of  sta- 
bility.  For  this  choice 
of  V       ,     the  fastest  growin 
waves  have  up drafts  about 
600  m  in  diameter.   In 
the  lower  resolution 
case  (Run  3),  where  AT  = 
1  km,  the  wavelength  is 
restricted  by  the  grid 
size  and  artificial 
damping  of  the  shorter 
waves  occurs  ;  in  Run  6 
the  higher  resolution 
(100  m  at  r  =  0)  can 
describe  the  faster 
growing  wavelengths. 


Figure  10.   Growth  rates  as  a  func- 
tion of  updraft  diameter  and 
stability. 


10.        SMALL-SCALE    CONVECTION    WITH    VARIABLE     RESOLUTION 

2 

To  determine  the  effects  of  the  transformation  r=X  +Cx 

on  convection  in  the  3 -km  x  3 -km  domain,  C   was  taken  to  be 
4.0  andAX=  1.76  m'2 ,  which  again  gives  a  resolution  10  times 
higher  in  the  center  (10  m)  and  2  times  smaller  (194  m)  at 
r  =  3  km.   Figures  1  and  11  show  the  stream  functions  and 
vertical  velocities  after  7  min  for  normal  resolution  (Run  1) 
and  variable  resolution  (Run  5). 

The  differences  between  the  variable  and  constant  resolu- 
tion experiments  are  small.   The  development  in  both  experiments 
occurs  at  nearly  the  same  rate:   the  growth  rate  in  Run  5  is 
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as  in  f  ie  .  1  . 
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SUMMARY 


We  have  investigated  some  effects  of  stability,  geometry, 
scale,  and  resolution  on  a  numerical  model  of  shallow  moist 
convection.   The  results  may  be  summarized  as  follows: 

(a).   Circulation  features  of  ring  convection  were 
studied  in  several  experiments.   With  the  initial  conditions 
of  a  ring  of  hot  air,  the  resulting  circulation  is  a  uniform 
cloud  ring.   However,  the  observed  rings  in  nature  may  well 
not  be  unique  circulations  but  organized  systems  of  individual 
cumulus  cells.   Such  azimuthal  variation,  of  course,  cannot  be 
studied  in  the  two-dimensional  model  used  here. 

(b).   Increasing  the  horizontal  scale  from  3  km  to  30  km 
results  in  a  slower  development  of  convection  caused  by  the 
larger  initial  disturbance  and  by  the  artificial  damping  of 
the  faster  growing  short  waves.   The  second  effect  is  partly 
counteracted  by  introducing  a  variable  resolution  through  the 
transformation   r  =  X  +  Cx     .   The  growth  rates  of  convection 
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resulting  from  this  transformation  are  closer  to  theoretical 
growth  rates  than  those  from  the  un t r an s f or med  coordinates; 
thus  the  use  of  such  a  transformation  to  economically  gain 
higher  resolution  in  particular  regions  of  interest  appears 
useful  . 
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During  the  early  phases  of  the  Atlantic  hurricane 
season  (June  and  July)  and  in  the  autumn  (late  Sep- 
tember to  early  November),  the  main  spawning  ground 
for  hurricanes  and  tropical  storms  in  the  North  Atlan- 
tic region  is  over  the  Gulf  of  Mexico  and  the  western 
Caribbean  Sea.  An  initial  seedling  disturbance  in  the 
Tropics,  from  which  a  hurricane  can  grow,  is  often 
triggered  in  this  area  by  the  proximity  of  relatively 
cold  air  masses  that  penetrate  southward  over  the 
continents  from  higher  latitudes.  These  cold  and 
drier  air  masses  favor  the  lifting  and  condensation  of 
moist  and  unstable  air  over  the  warmed  tropical 
oceans.  The  air  rises  violently  in  giant  cumulonimbi, 
releasing  heat  of  condensation  in  the  rising  cloud 
towers,  which  eventually  can  lead  to  a  gradual  pres- 
sure fall  at  the  surface  in  the  disturbed  area.  The  re- 
sult may  be  the  birth  of  a  weak  tropical  disturbance 
characterized  by  increased  cloudiness  and  showers  in 
association  with  a  shallow  low-pressure  area. 

Provided  that  other  conditions  are  favorable  for 
continued  growth,  this  initial  disturbance  can  intensi- 
fy further  and  become  a  tropical  storm  (minimum 
winds  of  34  kt)  and  eventually  a  hurricane  (minimum 
winds  of  64  kt).  Whether  or  not  such  development 
takes  place,  the  disturbance,  drifting  along  with  the 
steering  winds,  remains  an  entity  for  a  time. 

From  August  through  late  September,  the  primary 
spawning  ground  shifts  eastward  to  a  corridor  lying 
between  Africa  and  the  eastern  Caribbean  (fig.      1  ).* 


♦Some  of  the  data  for  this  figure  have  been 
presented  in  the  U.  S.  Weather  Bureau  pub- 
lication Tropical  Cyclones  of  the  North  At- 
lantic Ocean,  Technical  Paper  No.  55,   1965. 


The  Gulf  of  Mexico  and  the  western  Caribbean  are 
very  warm  throughout  the  entire  hurricane  season  and 
therefore  might  be  expected  to  remain  highly  favor- 
able for  tropical  storm  formation  in  terms  of  sea-sur- 
face temperature  considerations  alone.  Numerous 
studies  of  the  hurricane  problems  have  indicated  that 
the  sea-surface  temperature  is  possibly  the  single 
most  important  external  factor  affecting  the  growth 
and  intensity  of  tropical  storms  and  hurricanes.  These 
studies  generally  point  toward  a  value  of  about  80°F, 
above  which  the  ocean  surface  is  sufficiently  warm  to 
provide  the  necessary  heat  energy  to  fuel  the  storm. 
Figure  1  illustrates  the  sensitivity  of  tropical  storm 
formation  to  the  disposition  of  the  80°F  isotherm.  Few 
storms  are  shown  to  form  at  temperatures  colder  than 
about  79°to80°F.  Of  course,  once  a  tropical  storm 
or  hurricane  comes  into  being,  it  can  sustain  itself 
for  a  time  by  its  own  internal  workings .  even  over 
water  appreciably  colder  than  80°F. 

Despite  the  presence  of  rather  warm  water  in  the 
Gulf  of  Mexico  and  the  western  Caribbean,  the  major- 
ity of  storms  form  elsewhere  during  August  and  Sep- 
tember, and  it  is  rare  for  a  really  important  storm  to 
generate  there  at  that  time  of  year.  From  mid-July 
until  late  September,  the  overwhelming  majority  of 
tropical  storms  and  hurricanes  in  the  North  Atlantic 
area  originate  from  disturbances  that  can  be  traced 
back  to  the  continent  of  Africa.  The  approach  of  sum- 
mer brings  on  a  monsoonal  flow  of  moist  and  unstable 
air  onto  the  sub-Saharan  portion  of  the  African  Con- 
tinent. This  flow  of  air  is  sufficiently  deep  in  July  to 
sustain  vigorous  thunderstorm  activity  between  lati- 
tudes 10°  and  20'  N.  At  about  this  time,  a  succession 
of  disturbances  moves  across  this  area  from  some  un- 
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MEAN    SEA    SURFACE    ISOTHERMS    JUNE    AND    JULY   AND    INITIAL 
POSITIONS     OF     TROPICAL    STORMS,    1901-1967 
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MEAN   SEA    SURFACE     ISOTHERMS, AUGUST, AND     INITIAL 
POSITIONS     OF     TROPICAL    STORMS    ,    1901-1967 
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MEAN    SEA    SURFACE    ISOTHERMS  ,  SEPTEMBER,  AND    INITIAL 
POSITIONS     OF     TROPICAL    STORMS   ,    1901-1967 


80°  70*  60°  50°  40'  30*  20* 

Figure  1.    Mean  sea-surface  isotherms  (°F)  and  the  distribution  of  initial  tropical  cyclone  fixes  (1901-1967). 
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WEST        20" 


ESSA  5   SATELLITE      ORBITS   1712-1714      SEPT  2,1967     1335-1722    GMT 

Figure  2,  Streamlines  at  10,000  and  2,000  ft,  contours  of  sea-level  pressure  in  tenths  of  millibars  (labeled  every 
2  mb  with  tens  and  thousands  digits  omitted) ,  and  an  ESSA  5  satellite  photograph.  The  position  of  the  disturbance 
is  indicated  by  the  arrow. 
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Figure  3.  Streamlines  at  10,000  and  2,000  ft  superimposed  on  ESSA  5  satellite  photograph.  Positions  of  the  dis- 
turbances are  indicated  by  an  arrow  and  labeled  according  to  the  date  the  wave  passed  the  coast.  Letters  re- 
fer to  the  locations  of  pressure  records  shown  in  figure  5. 


known  source  region  deep  in  the  interior  of  the  Afri- 
can Continent.  When  the  disturbances  are  active,  as 
they  often  are  between  July  and  October,  they  can  be 
seen  crossing  the  western  coast  of  Africa  at  intervals 
of  about  one  every  3  or  4  days. 

The  existence  of  African  disturbances  and  the  pos- 
sibility of  their  growth  into  Atlantic  hurricanes  has 
been  known  for  several  years,  but  because  of  the  lack 
of  meteorological  data  over  the  eastern  Atlantic  it  was 
thought  that  the  midseason  hurricanes  more  often 
formed  from  initiating  disturbances  whose  origins  were 
in  the  Intertropical  Convergence  Zone  south  of  the 
Cape  Verde  Islands.  Recently  a  different  conclusion 
has  been  reached  as  a  result  of  reliable  satellite  ob- 
servations and  the  availability  of  large  quantities  of 
useful  meteorological  information  over  continental 
Africa,  that  has  made  it  possible  to  determine  a  more 
reliable  continuity  of  weather  patterns  between  Africa 
and  the  Caribbean.  It  now  appears  that  most  of  the 
disturbances  that  form  over  Africa  survive  to  reach 
the  Caribbean  and  that  most  tropical  disturbances  (in- 
cluding tropical  storms  and  hurricanes)  that  pass  near 
or  over  the  eastern  Caribbean  in  August  and  September 
have  had  their  origin  over  Africa. 

The  progress  of  these  disturbances  and  their  con- 
tinuity on  crossing  the  Atlantic  has  been  documented 
in  some  detail  during  the  past  2  yr.  In  1967  three  hur- 
ricanes and  two  tropical  storms ,  out  of  a  total  for  the 
Atlantic  season  of  five  hurricanes  and  three  tropical 
storms  grew  from  these  weak  incipient  disturbances, 
whose    origin    had   been   over   Africa.      Hurricanes 


Arlene,  Beulah ,  and  Chloe  of  that  year  all  crossed 
the  African  coast  in  incipient  stages  during  a  single 
10-day  interval  in  August  and  early  September.  Fig- 
ure 2  shows  incipient  hurricane  Chloe  as  a  weak  but 
intensifying  disturbance  at  about  10°  W.  Later,  Chloe 
was  to  reach  tropical  storm  strength  at  38°  W. 

The  1968  hurricane  season  was  one  of  the  least  for- 
midable on  record  in  terms  of  the  number  and  intens- 
ity of  hurricanes  and  tropical  storms.  During  August 
and  September,  one  hurricane  and  two  tropical  storms 
were  observed  over  the  tropical  Atlantic;  of  these, 
the  hurricane  and  one  of  the  tropical  storms  could  be 
traced  back  to  the  interior  of  Africa.  Figures  3  and 
4  show  the  progress  of  a  typical  train  of  wavelike 
disturbances  over  Africa.  The  longitudinal  axes  of 
the  waves  are  labeled  by  an  arrow  and  a  number  rep- 
resents the  date  (month/day)  on  which  the  wave 
crossed  the  African  coast.  The  one  labeled  9/11  at 
longitude  5°  W  is  the  most  impressive-looking  of  the 
four  shown  and  actually  did  become  a  tropical  storm 
(Edim)  at  35°  W. 

At  10,000  ft  the  disturbances  are  evident  on  the 
conventional  weather  map  and  resemble  wavelike  per- 
turbations in  the  basic  easterly  current.  Near  the 
surface  (2,000  ft)  they  are  much  more  poorly  resolved, 
although  disturbance  number  9/11  exhibits  a  dis- 
tinct cyclonic  eddy  that  coincides  with  a  dense  blob  of 
cloudiness.  Like  their  counterparts  in  the  Caribbean, 
these  disturbances  are  usually  most  intense  between 
5 ,  000  and  15 ,  000  ft  and  are  often  poorly  defined  at  the 
surface    and  in    the  attendant    cloud  pattern.    In  most 
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Figure  4.    Same  as  figure  3,  but  3  days  later.    Note  that  the  disturbances  have  moved  about  900  mi  westward  in 
this  interval. 


instances  it  is  exceedingly  difficult  to  track  these 
systems  over  the  ocean  using  conventional  surface 
(ship)  data  alone.  Satellite  observations  and  contin- 
uity of  motion  are  most  helpful  in  this  effort.  In  gen- 
eral, the  tracking  of  these  disturbances  out  over  the 
ocean  is  somewhat  speculative  by  any  of  the  present 
methods ,  not  only  because  of  the  lack  of  data  but  be- 
cause the  majority  of  African  disturbances  begin  to 
disintegrate  upon  arriving  west  of  the  Cape 
Verde  Islands.  Only  a  few  achieve  tropical  storm 
status--the  remainder  arrive  in  the  Caribbean  in  a 
highly  weakened  state  or  disaooear  altogether. 

Even  when  surface  analysis  fails  to  reveal  any  def- 
inite cyclonic  vortex,  a  strong  sea-level  pressure  os- 
cillation (and  at  higher  levels  a  wind  shift  from  north- 
east to  southeast)  accompanies  the  passage  of  the  dis- 
turbance past  observing  stations  on  the  coast.  Varia- 
tions of  2  to  3  mb  accompanying  the  three  disturb- 
ances in  figures  are  evident  in  the  pressure  traces  of 
figure  5.  These  pressure  variations  are  seen  to  pro- 
pagate westward  with  the  disturbance  and  are  about  as 
large  near  the  Cape  Verde  Islands  as  they  were  over 
Africa.  The  mean  westward  speed  of  the  disturbances 
during  1968  was  about  15  kt.  with  a  gradual  slowing 
down  of  their  movement  during  the  course  of  the 
summer  (fig.  6).  The  mean  speed  was  slightly  great- 
er than  15  kt  over  the  Atlantic  Ocean. 

The  majority  of  African  disturbances  appear  to 
reach    maximum    intensity    near   the   west   coast   of 


Africa.  Moving  through  this  coastal  region,  they  find 
themselves  in  an  area  meteorologically  favorable  for 
intensification,  being  immediately  east  of  the  large- 
scale  upper  (700  mb)  trough  shown  in  figure  1.  At  the 
same  time  they  are  being  fed  at  low  levels  by  an 
ample  supply  of  moist  air  over  the  western  part  of  the 
continent  and  by  the  adjacent  warm  ocean.  As  the 
disturbances  pass  west  of  this  upper  trough,  they 
enter  a  region  meteorologically  unfavorable  for  growth 
and  at  the  same  time  encounter  a  rather  cold  part  of 
the  ocean,  revealed  as  a  southward  thrust  of  sea-tem- 
perature isotherms  in  figure  1.  An  irreversible  dis- 
sipation then  starts  in  most  cases,  although  some  dis- 
turbances are  able  to  revive  themselves  later  as  they 
encounter  warmer  water. 

African  disturbances  are  most  intense  during  the 
period  from  mid-August  until  mid-September.  Indi- 
cations are  that  slight  variations  in  sea-surface  tem- 
perature from  year  to  year  may  influence  the  total  an- 
nual number  of  developing  cases  that  always  represent 
a  small  percentage  of  all  tropical  disturbances.  We 
still  do  not  know  what  makes  a  given  disturbance  de- 
velop and  a  succeeding  one  dissipate,  but  a  combina- 
tion of  warm  ocean  temperatures  plus  a  prolific  source 
region  for  tropical  disturbances,  such  as  Africa,  is  a 
statistically  favorable  set  of  circumstances  for  hur- 
ricane growth. 
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Figure  6.  Mean  speed  (westward)  of  dis- 
turbances over  Africa  for  the  summer 
of  1968.  Most  of  these  disturbances 
could  be  traced  back  to  east  of  long- 
itude 10°  E. 


Figure  5.    Sea-level  pressure  traces  for  stations  labeled  in  figures  3  and  4.      This  figure  shows  pressure  per- 
turbations accompanying  the  passage  of  the  three  disturbances  shown  in  figure  3.    The  locations  of  the  various 
lettered  stations  are  shown  in  figure  3. 
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SOME  REMARKS  ON  AFRICAN  DISTURBANCES  AND  THEIR  PROGRESS 
OVER  THE  TROPICAL  ATLANTIC 

TOBY  N.  CARLSON 

National    Hurricane   Research    Laboratory,   ESSA,   Miami,    Fla 

ABSTRACT 

A  daily  analysis  of  tho  2,000-  and  10,000-ft  streamlines  over  West  Africa  was  made  for  a  3'/;-mo  period  beginning 
in  July  1068.  With  the  aid  of  satellite  photographs  and  auxiliary  sea-level  [jressure  data,  a  total  of  33  synoptic  scale 
wave  perturbations  were  observed  to  move  across  West  Africa  and  the  tropical  Atlantic  Ocean  during  this  period. 
Some  general  featiu'es  of  these  disturbances  are  summarized,  including  facts  on  their  origin,  speed,  intensity,  dis- 
tribution of  sea-level  pressure,  appearance  on  the  satellite  photographs,  and  movement  over  the  Atlantic  Ocean. 
The  effects  of  the  large-scale  circulation  and  the  induence  of  sea-surface  temperatures  on  the  movement  and  intensity 
of  disturbances  arc  also  discussed. 


1.  INTRODUCTION 

Diirino;  the  past  2  yr,  investigations  by  Simpson  nod 
others  (1968,  1969),  Franit  (1969),  and  Carlson  (1969) 
(the  hitter  henceforth  will  be  referred  to  as  paper  I) 
have  probed  into  the  origin  and  complete  life  cycle  of 
Atlantic  tropical  disturbances.  Their  results  iniderscore 
the  fact  that  the  majority  of  disturbances  that  cross  the 
Antilles  from  the  east  during  the  summer  months  origi- 
nate over  Africa,  while  comparatively  few  form  witliin 
the  maritime  i)ortion  of  the  intertropical  convergence 
zone  (ITC).  A  large  number  of  distiu-bances  are  found 
to  cross  the  African  coast  during  the  summer,  and  most 
of  these  can  be  tracked  as  far  as  the  Caribbean.  Initial 
investigations  into  the  continuity  of  African  disturbances 
and  their  development  into  Atlantic  hurricanes  luive  been 
made  by  Erickson  (1963)  and  Arnold  (1966).  Althougli 
only  a  very  few  of  these  disturbances  develo])  into  Atlantic 
tropical  storms  and  hurricanes,  African  disturbances 
a[)parently  account  for  a  significant  percentage  of  mid- 
season  (August  and  September)  storms. 

It  is  therefore  important  to  investigate  the  (listm-bunces 
in  their  earlier  stages  over  Africa' where  a  data  network 
makes  it  possible  to  readily  identify  synoptic  scale  feti- 
tures  of  the  flow  |)attern.  Following  the  metliod  described 
in  jiajjer  I,  in  which  wave  disturbances  and  their  atteiulaut 
cloud  distributions  were  tracked  across  West  Africa,  a  set 
of  daily  analyses  for  this  region  were  constructed  for  an 
e.xtended  period  during  the  summer  of  196S  (July  5  to 
October  18).  Tliese  analyses  consist  of  2,000-  and  10,000-ft 
streamline  charts  and  selected  sea-level  pressure  traces 
for  the  portion  of  tropical  West  Africa  between  longitudes 
25°  W.  and  20°  K.  Witli  tlie  further  aid  of  satellite  plioto- 
graphs,  tlic  movement  of  synoptic  scale  wave  pertur- 
bations across  West  Africa  was  readily  discernible.  It  is 
our  intention  in  this  paper  to  outline  some  general  fea- 
ttn-es  of  Africim  disturbances  and  to  relate  their  move- 
ment and  development  to  extcn\al  inlluenccs  in  the 
environment. 

2.   SYNOPTIC   DESCRIPTION   OF   THE   DISTURBANCES 
OVER  AFRICA 

Selected  exanii)les  of  the  2,000-  and  10.000-ft  streamline 


analyses  liave  been  su|)criniposed  on  their  respective  satel- 
lites photograi)hs  for  display  in  figures  lA-C  and  2A-C. 
The  disturbances  are  labeled  in  the  figures  by  an  arrow, 
which  signifies  the  mean  longitude  of  the  wave  axis  at 
10,000  ft  (the  level  at  which  the  disturbances  were  most 
easily  recognizable).  The  arrows  are  labeled  according  to 
the  date  on  which  the  wave  axis  crossed  the  longitude  of 
Dakar,  17°  W.;  disttn-bance  9/11  therefore  is  that  pertur- 
baliiiii  whose  10,000-ft  axis  reached  17°  W.  on  Septem- 
ber 11.  Table  1  is  a  catalog  of  the  African  disturbances; 
listed  in  the  first  cohunn  are  the  date  and  time  of  wave 
passage  at  longitude  17°  W.  The  date  and  longitude  at 
which  the  disturbance  first  became  recognizable  are  listed 
in  colimtn  2. 

Altogether,  33  such  disturbances  were  observed  tluring 
the  3}2-mo  period,  a  frequency  of  one  wave  every  3.2  days. 
A  series  of  traveling  waves  are  clearly  exident  in  the 
secpience  of  analyses  in  figure  1,  the  disturbances  broadly 
corresponding  to  areas  of  cloud  enhancement.  A  few 
disturbances  presented  difficulties  in  analysis  and  in 
constructi(ui  nf  a  >iuootli  track,  either  because  they 
weakened  tn  the  point  of  um-ecognizabilit}-  or  because 
niiiKu-  side  lobes  present  in  a  number  of  waves  became 
temporarily  large  enough  to  confuse  the  anah^sis.  Usually 
it  was  i)ossible  to  track  the  main  wave  pocket  aiul  with 
the  aid  of  hindsight  smoothing  to  remove  siulden  jumps 
in  speed. 

The  mean  wavelength  of  the  disturbances  was  about 
1,300  mi  over  West  Africa:  it  is  ai)parent  froni  the  analyses 
that  there  was  w  consiilerable  meridional  extent  to  the 
waves  as  well.  This  is  further  illustrated  in  figure  3.  which 
shows  tlnit  systematic  variations  in  sea-level  pressure 
accompanying  the  series  of  the  waves  analyzed  in  figure  1 
occin-red  almost  simultaneously  over  the  700-mi-long 
chain  of  coastal  stations,  A-F.  As  was  the  usual  sittuttion. 
the  largest  pressure  variations  occurred  in  the  northern 
part  of  the  network.  A  striking  illustration  of  this  fact  is 
displayed  in  figure  3C  in  which  tlie  upper  wave  axis  is 
shown  to  be  preceded  by  3-  to4-mb  pressure  falls  at  station 
A,  2-mb  juessure  falls  at  C.  and  about  1-mb  falls  at  F. 
The  figures  listeil  in  column  four  of  table  1  i-epresent  the 
magnittide  of  the  pressure  oscillation  (at  about  U>°  X.l 
which  accompai'.ieii  the  passage  of  the  wave  across  the 
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■-IGURE  1  —A  scries  of  digitalizcd  ESSA  7  satclUto  mosaics,  upon  which  are  superimposed  the  10,000-ft  (solid  lines)  and  2,000-ft  (dashed 
lines)  streamline  analyses;  (A)  view  at  1600  gmt  on  Sept.  5,  1968,  and  streamline  analysis  at  0000  gmt  on  Sept.  6,  1968;  (B)  view  at 
1600  GMT  on  Sept.  8,  1968,  and  streamline  analysis  at  0000  gmt  on  Sept.  9,  1968;  (C)  view  at  1600  gmt  on  Sept.  11,  1968,  and  stream- 
line analysis  at  0000  gmt  on  Sept.  12,  1968.  The  capital  letters  shown  in  the  vicinity  of  the  West  African  coast  refer  to  the  location  of 
the  sea-level  pressure  barographs  whose  traces  appear  in  figure  3.  The  longitudinal  positions  of  the  wave  axis  arc  indicated  by  an  arrow 
and  labeled  according  to  the  date  the  wave  passed  longitude  17°  W. 
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FiouKE  2.— Sanu-  as  figure  1,  but  for  selected  examples  of  African  disturbances;  (A)  view  at  1600  cmt  on  July  JJ.  UHiS,  and  streamline 
aniUysis  at  0000  omt  on  July  23,  IOCS;  (B)  view  at  1000  omt  on  Jvily  ;iO,  196S,  and  streamline  anjUysis  at  0000  cmt  on  July  31,  U>6S; 
(C)  view  at  1600  omt  on  Sei)t.  27,  196S,  and  streaniliiu>  analysis  at  0000  gmt  on  Sept.  28,  1968. 


October  1 969 


Toby  N.  Carlson 

Table  1. — African  disturbances  in  1968 
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Wive  Bchd. 

17°W 

MoA)«y/Tir»e 

(CMT) 
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First  Obsvd. 

Mo/Day/Long . 

Speed 

U.  Africa 

Preas .  Pluc . 

IS^N,  n^u 

(ml.) 

Init.  Location 
Surface  Vortex, 
Other  Details 

Satellite  Obs . : 
Init.  Location 
Circular  Cloud 
Pattern 
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60°W 
Mo/Day 

Speed 

At.  Ocean 
(kt  ) 
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Mo/Oay/Long. 
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Devel.  West 
of  Africa 

07/07/0000 

16.0 

3  .  1 
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17.  5 

1+  .  1 

07/18 
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17  .  5 
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2  .it 

05°W,  1U°N 
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07/28/68OW 
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2  .7 

18°W,  11°N 
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in.  b 
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17  .0 
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Notably  Weak 
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2  .7 
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4  .8 
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01°W,  HON 

08/23 
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Gulf  of  Mexico 
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08/20/1800 
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Table   2. — Frequency  distribution   of  sea-level  pressure  fluctuations 
accompanying  wave  passage  at  17"  \V . 

Pressure  Interval  (mb)  <1.0        1.0-1.9        2.0-2.9        3.0-3.9        4.0-4.9        >5.0 

Number  o(  cases  3  8  9  10  5  1 


Figure  3. — (A)  sea-level  barograph  traces  (adjusted  for  diurnal 
trends)  at  the  longitudinal  sequence  of  stations  A-F  and  (B)  the 
latitudinal  sequence  of  stations  X-Z  for  the  scries  of  waves  shown 
in  figure  1;  (C)  the  barograph  traces  for  stations  A,  C,  and  F  for 
a  period  beginning  in  late  September. 


network  of  coastal  stations.  Table  2  shows  that  the 
median  value  of  this  pressure  fluctuation  was  close  to  3.0 
mb. 

These  large  sea-level  pressure  fluctuations  appear  to  be 
centered  near  20°  N.  in  the  vicinity  of  a  major  cj'clonic 
eddy  which  was  often  observed  to  move  with  the  disturb- 
ances along  the  southern  fringe  of  the  desert  in  the  con- 
fluence between  moist  air  arriving  from  the  south  and 
dry  Saharan  air.  An  idealized  representation  of  this  vortex 
is  shown  in  the  schematic  flow  pattern  of  figure  4.  The 
analyses  in  figures  2A-C  contain  examples  of  disturbances 
having  attendant  vortices  localed  n(>ar  Inlilude  20°  N. 
which  closely  resemble  the  ideaiizetl  analysis  in  figure  4. 
The  lack  of  moisture  associated  with  this  vortex  is  ap- 
parent ill  the  analyses  which  show  that  the  latitude  at 
which  it  is  located  is  largely  free  of  cloud,  the  main  zone 
of  cloudiness  being  centered  far  to  the  soutli.  (The  large 
fluctuations  in  sea-level  pressure  occurring  at  station  A 
during  the  iieriod  September  23  to  October  20  (fig.  3C) 
were  unaccompanied  by  any  rainfall  or  significant  cumulus 
builduiw.)  According  to  figure  4  the  mean  ureal  cloud 
cover  (an  average  of  individual  observations  of  cUnul 
cover  made  from  satellite  photograiihs  and  determined 
with    res])eet    to    the  longitude  of  the  wave  axis  for  23 
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FicuKE  1.  — (.V)  schematic  flow  pattern  at  1(1,000  ft  (.solid  linesl 
and  2,000  ft  (dashed  lines)  for  the  typical  .\frican  disturbance; 
(H)  contours  show  a  mean  percentage  cover  of  cloud  with  respect 
to  the  schematic  flow  pattern  shown  in  (.\1.  The  field  represents 
an  average  cover  for  23  disturbances  as  measured  near  10°  W. 


disturbances  in  the  vicinity  of  10°  W.)  at  20°  N.  is  gen- 
erally less  than  10  percent,  although  there  is  n  slight  in- 
crease noticeable  in  the  amount  of  cover  near  the  wave 
axis.  It  seems  probable  that  the  vortex  located  at  this 
latitude  is  proiluced  indirectly  by  the  wave's  circulation 
in  which  its  formation  is  the  result   of  a  southward  ad- 
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T.VBLE  3. — Distance  surface-pressure  trough  lies  ahead  {to  the  west) 
of  upper  wave  axis  for  disturbances  passing  17°  W. 

240  to        360  to        480  to 


Distance  ahead 

-240  to     ■ 

-120  to 

0  to 

120  to 

(n.mi.) 

-120 

0 

+120 

240 

Number  of  cases 

4 

3 

5 

9 

vection  of  relatively  warm  air  (high  thickness)  from  the 
vicinity  of  the  Saharan  heat  low  which  would  necessarily 
occur  in  the  northeasterly  flow  ahead  of  the  wave  axis. 
Indeed,  a  comparison  of  two  soundings  made  at  station  B, 
one  on  September  28  at  a  time  of  relatively  low  sea-level 
pressure  and  the  other  on  October  1  when  the  ])rcssure 
was  high,  shows  that  most  of  the  pressure  deficit  could 
be  accounted  for  by  the  presence  of  substantially  warmer 
air  between  700  mb  and  the  surface  on  the  day  of  lower 
]3ressure.  The  air  was  also  much  less  humid  in  this  layer 
and  the  flow  was  northeasterly,  as  compared  to  south- 
easterly on  October  1.  The  axis  of  the  sea-level  pressure 
trough  was  found  ahead  of  the  upper  wave  axis  in  most 
cases,  according  to  table  3. 

In  contrast  to  the  soundings  made  in  the  relatively 
dry  part  of  the  system  near  20°  N.,  the  data  consistently 
show  that  in  the  vicinity  of  15°  N.  the  wave  disturbances 
are  relatively  warm  in  the  high  troposphere  and  cold 
near  the  ground,  with  the  strongest  geopotential  variations 
across  the  wave  axis  occurring  near  600  mb.  This  is  in 
agreement  with  the  findings  of  paper  I  and  the  results 
of  Simpson  and  others  (1969).  To  this  extent,  and  to  the 
extent  that  the  wave  axis  tends  to  slope  eastward  with 
height  in  the  lower  troposphere,  the  disturbances  resemble 
the  classical  easterly  wave  of  Riehl  (1954).  On  the  other 
hand,  the  symmetrical  distribution  of  cloudiness  in 
figure  4  is  in  contrast  to  the  findings  of  paper  I  which 
showed  a  maximum  of  disturbed  weather  just  ahead  of 
the  trough  axis. 

Another  noteworthy  aspect  of  figure  4  is  a  weak  vortex 
located  in  the  vicinity  of  the  disturbance  axis  near  12°  N. 
Examples  of  this  type  of  vortex  feature  are  found  in 
figures  1  and  2.  Figure  4  also  illustrates  that  the  greatest 
longitudinal  variation  in  cloud  cover  across  the  wave 
axis  (a  change  from  10  percent  in  the  environment  to 
25  percent  in  the  wave  axis)  is  found  between  the  latitudes 
of  about  11°  and  15°  N.  where,  according  to  the  results 
of  paper  I,  the  greatest  instability  and  most  intense 
convection  are  located.  (Farther  south,  the  clouds  are 
mainly  a  dense  and  highly  persistent  stratocumulus.) 
The  moist  cloud-associated  nature  of  this  weak  vortex 
is  self  evident  in  the  analyses  and  suggests  an  origin  and 
energy  source  related  to  the  convective  processes.  In 
figure  2C,  the  weak  vortex  centered  at  13°  N.  on  the 
eastern  side  of  disturbance  9/27  may  have  produced  the 
minor  fluctuation  of  the  sea-level  pressure  (shown  in 
fig.  3C)  which  followed  the  primary  pressure  oscillations 
at  stations  C  and  F.  The  same  situation  occurred  with 
the  subsequent  disturbances  10/1.  Interestingly,  these 
minor  wriggles  in  the  pressure  field  were  not  observed  at 


station   A,    which  experienced   a  single    strong    pressure 
oscillation  prior  to  the  passage  of  the  disturbance. 

As  can  be  seen  in  figure  1,  the  weak  southern  vortex 
associated  with  disturbance  9/11  is  readily  tracked  over 
the  ocean,  while  the  northern  center  appears  to  vanish 
at  the  coastline  or  remain  over  land.  Although  this  was 
characteristic  for  most  disturbances,  figure  3B  shows 
that  the  pressure  variations  at  Sal  in  the  Cape  Verde 
Islands  (station  Z)  were  as  large  as  at  Dakar  (station  D), 
suggesting  that  the  low-level  vorticity  field  associated 
with  the  disturbances  continues  to  propagate  over  the 
ocean.  It  may  be  that  the  two  vortexes  merged  together, 
although  this  could  not  be  determined.  Most  probably, 
the  southern  vortex  is  identically  that  typo  of  feature 
followed  by  Asplidcn,  Dean,  and  Landers  (1966),  who 
have  tracked  trains  of  surface  vortices  across  the  ocean 
from  an  apparent  origin  at  the  African  coast  between 
10°  and  15°  N.  The  coordinates  listed  in  column  five  of 
table  1  are  the  longitudes  at  which  these  vortexes  first 
became  recognizable  in  the  analyses,  and  the  latitudes  of 
the  centers. 

In  many  instances,  the  aforementioned  vortex  was 
associated  with  a  circular  cloud  area  with  noticeable 
spiral  bands.  Examples  appear  in  disturbances  9/11  (fig. 
IB)  and  7/23  (fig.  2A).  The  appearance  of  such  a  cloud 
pattern  is  listed  in  column  six  of  table  1  according  to 
the  longitude  where  it  first  became  recognizable  and  the 
latitude  of  its  apparent  center.  Merritt  (1964)  and  Frank 
and  Johnson  (1969)  both  discuss  the  significance  of  vor- 
tical cloud  patterns  associated  with  weak  tropical  dis- 
turbances. Although  many  disturbances  were  very  often 
associated  with  scant}^  amounts  of  cloud  cover  or  poorly 
defined  cloud  systems  well  inland,  the  majority  of  waves 
developed  a  recognizable  and  coherent  cloud  structure 
(though  not  necessarily  a  circular  one)  and  a  vortex  at 
2,000  ft  south  of  15°  N.  prior  to  reaching  the  coast. 
Listed  in  column  six  of  table  1  is  the  initially  observed 
position  (and  latitude)  of  the  circular  cloud  system. 

According  to  pa|ier  I,  the  amount  and  degree  of  con- 
vective instability  generally  increases  westward  from  the 
central  portion  of  the  West  African  bulge,  creating  an 
increasingly  favorable  environment  for  intensification 
after  the  disturbance  reaches  about  5°  W.  Although  the 
disturbances  appeared  to  achieve  their  greatest  intensity 
in  the  area  between  10°  and  20°  W.  and  sometime  there- 
after suffered  a  disintegration  and  disorganization  of  the 
cloud  pattern,  it  was  not  difficult  to  follow  prominent 
features  of  the  cloud  pattern  over  the  ocean  (see  Frank, 
1969).  Accordingly,  the  date  at  which  the  disturbance 
reached  the  Antilles  (60°  W.),  the  sjieed  in  crossing  the 
Atlantic  Ocean  and  the  date  and  longitude  at  which  the 
wave  was  last  observed  were  determined  from  satellite 
and  wind  data;  and  the  information  is  listed  in  columns 
7,  8,  and  9,  respectively,  of  table  1.  Additional  com- 
ments arc  made  in  column  10.  These  include  the  longi- 
tude at.  which  the  cloud  pattern  appeared  to  weaken  over 
the  ocean,  another  highly  subjective  evaluation  but  one 
which  was  derived  from  notes  made  concurrently  with 
the  events  themselves. 
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Table   4. — Frequency   distribution   of  initial   wave  positions  versus 
longitude 


Lorigltudti      West  of      4°  E.  to      7°  E.  to      10°  E.  to     13°  E.  to     1«°  E.  to      East  of 
Interval  4°  E,  6°  E.  0°  E,  12°  E.  15°  E.  18°  E.  data 

network 
Number 
of  fixes  4  2  1  6  3  2  14 


Some  of  the  disturbances  appeared  to  be  centered 
distinctly  farther  south  than  usual.  These  were  labeled 
as  "low  latitude"  disturbances  in  column  five  of  table  1, 
although  they  are  merely  a  variant  of  the  type  of  system 
portrayed   in   the   schematic  diagram   of   figure   4A. 

Table  4  contains  a  summary  of  the  information  con- 
tained in  column  2  of  table  1  according  to  the  frequency 
of  initial  sightings  versus  intervals  of  longitude.  According 
to  the  table,  almost  one-half  of  the  disturbances  apjieared 
to  originate  east  of  the  data  network  (18°  E.),  while  only 
a  few  were  first  observed  west  of  longitude  4°  E.  A  minor 
peak  exists  in  the  interval  between  10°  and  12°  E.,  sug- 
gesting a  possible  site  favorable  for  wave  initiation  over 
the  Cameroon  Mountains.  The  generating  mechanism  over 
Africa  may  be,  therefore,  associated  with  an  interaction 
of  the  convective  processes  with  the  terrain.  If  so,  other 
mountainous  sources  would  exist  to  the  east  of  the  data 
network  over  the  Sudan  and  Ethiopia. 

3.  THE  STATE  OF  AFRICAN  DISTURBANCES 
OVER  THE  CARIBBEAN 

The  vast  majority  of  tlie  African  disturbances  in  1968 
began  to  weaken  west  of  the  Cape  Verde  Islands,  while 
only  two  hurricanes  of  marginal  intensity  developed  from 
African  disturbances.  Visible  on  the  satellite  photographs 
was  an  increasing  disintegration  and  disorganization  of 
the  cloud  pattern  followed  by  a  colla[)se  of  tlie  apparent 
cloud  structure  of  the  disturbance  (Simpson  and  others, 
1969);  the  weakening  over  the  mid-Atlantic  jiroved  to  be 
irreversible  in  almost  all  cases  during  196S.  As  indicated 
in  column  10  of  table  1,  the  most  rapid  disintegration  may 
have  begun  near  85°  W. 

Despite  the  visible  weakening  of  the  disturbances,  the 
rainfall  data  (fig.  5)  for  St.  Thomas  (Virgin  Islands)  and 
Barbados  (Windward  Islands),  two  islands  in  the  Antilles 
where  a  representative  areal  coverage  of  rain  gages 
exists  (seven  for  the  former  island  and  four  on  Barbados, 
tlic  latter  being  available  for  only  2  mo  in  1968),  shows 
that  there  were  a  number  of  instances  of  wave  i)assage 
over  the  |)articular  island  which  corresponded  closely  to 
isolated  i)eaks  in  the  daily  rainfall  tlu<re.  In  order  to 
present  this  observation  in  a  statistical  framework,  a  set 
of  5-day  means  centered  on  the  day  of  wave  passage  by 
the  islaiul,  as  indicated  by  the  arrows  in  figure  5,  were 
determined  for  each  disturbance  to  roach  the  island.  The 
ratios  of  daily-to-mean  rainfall  for  each  of  5  days  were 
composited  for  all  cases  where  the  data  are  available  to 


form  a  normalized  rainfall  distribution.  These  results  are 
shown  in  table  5. 

Both  stations  dis])lay  a  mutually  similar  and  systematic 
variation  in  rainfall  during  the  period,  in  which  the 
precipitation  amount  rises  to  a  value  substantially  greater 
than  normal  on  the  day  prior  to  wave  passage  and  then 
falls  to  about  one-half  of  the  average  daily  rainfall  on  the 
day  after  wave  i)assage.  The  table  clearly  im[)lies  that 
the  disturbances  retain  a  sufficient  vertical-motion  field 
over  the  Antilles  to  contribute  significantly  to  the  pre- 
ci[)itation  of  these  islands,  although  the  contribution  was 
occasionally  little  more  than  the  heightening  of  the  local 
island  convection. 

Also  shown  in  figure  5  are  the  pressure  fluctuations  at 
longitudes  17°  W.  and  60°  W.,  as  indicated  by  the  j)air  of 
digits  listed  above  the  box  appropriate  to  that  disturbance. 
The  first  figure  corresponds  to  the  pressure  fluctuation 
at  17°  W.,  as  shown  in  column  4  of  table  1  (rounded  to 
the  nearest  whole  millibar).  The  second  figure,  sejjarated 
from  the  first  by  a  dash,  represents  the  corresponding  sea- 
level  fluctuation  over  the  Antilles  for  that  disturbance,  as 
measured  in  a  similar  network  of  stations  there.  Com- 
parison shows  that  the  rises  and  falls  in  sea-level  pressure 
over  the  Antilles  were  generally  very  much  less  than  those 
over  Africa,  irresjicctive  of  the  wave's  initial  intensity 
and  organization.  There  is  very  little  apparent  relation- 
ship between  cither  the  magnitude  of  the  sea-level  pressure 
fluctuation  or  the  degree  of  organization  of  the  disturbance 
over  Africa  and  the  effects  of  the  disturbance  on  the 
rainfall  of  the  Antilles. 

4.  THE  LARGE-SCALE  WIND  FIELD  AND  WAVE  SPEED 

The  large-scale  wind  field  over  Africa  in  the  bolt  of 
disturbances  is  characterized  by  southwesterly  winds  at 
low  levels  and  strong  easterlies  aloft  which  are  a  conse- 
quence of  the  strong  meridional  temperature  gradient 
between  desert  and  ocean.  In  July,  the  northernmost 
penetration  of  the  moist  air  is  near  20°  N.,  but  as  the 
systems  shift  southward  in  August  and  September 
(mirroring  their  northward  advance  during  the  spring), 
so  does  the  confluence  between  the  moist  and  dry  regimes 
and  the  zone  of  convection.  At  the  same  time  the  desert 
air  mass  cools  while  the  waters  of  the  cross-equatorial 
flow  in  the  Gulf  of  Guinea  warm.  Tiie  result  is  a  weakening 
in  the  strength  of  the  upper  easterlies  whicli  is  followed 
by  a  radical  equatorward  shift  of  the  convective  activity 
beginning  in  September  or  October. 

The  decrease  in  the  mean  easterly  component  of  the 
atnu>sphere  in  the  disturbance  belt  and  the  equatorward 
shift  in  the  easterlies,  which  is  especially  proiunincetl  over 
the  African  Continent,  is  illustrated  by  the  graph  of  ver- 
tically integrated  easterly  How  in  figure  6A.'  According  to 
figure  6H,  there  was  a  steady  decrease  in  the  phase  speed 
of  the  waves  from  about   19  to  11  kt  between  July  and 


<  The  menu  vertically  averap-J  loual  wind  tvters  10  Ihf  MO-  to  190-mb  Uy»r.    Tlw 
(lata  comes  fr\im  the  VS.  Weather  Hur«m  (Onilcher.  1*>1V 


October  1969 


Toby  N.  Carlson 


723 


0  50 


020 


0  00 


JULY 


19 
SEPT 


5       9 
OCT 


DATES 


Figure  5. — Distribution  of  average  daily  rainfall  at  St.  Thomas  (bottom:  average  of  seven  stations)  and  Barbados  (top:  average  of  four 
stations),  as  related  to  the  passage  of  African  disturbances  over  the  island  (arrows  labeled  in  boxes).  The  two  digits  at  the  top  of  the 
box  (separated  by  a  dash)  are  the  sea-level  pressure  fluctuations  (in  millibars)  for  the  disturbance  when  it  was  at  the  coast  of  Africa 
at  17°  W.  (left  figure)  and  over  the  Antilles  (right  figure).  The  letter  C,  located  just  below  the  box,  refers  to  systems  that  displayed  a 
circular  cloud  pattern  with  attendant  low-level  vortex  over  Africa;  the  letter  L  refers  to  those  systems  that  were  observed  to  be  at  a 
lower  latitude  than  usual  (see  table  1). 


Table  5. — Five-day  normalized  rainfall  totals  for  African  disturb- 
ances with  respect  to  the  day  of  passage  by  station  (presented  as 
fraction  of  average  daily  rainfall) 


Station 

Number 
of  cases 

2  days 
earlier 

1  day 
earlier 

Day  of 
passage 

Iday 
later 

2  days 
later 

Average 

daily 

rainfall 

(inches) 

(7  stations) 
St.  Thomas.. 
(4  stations) 
Barbados 

21 
14 

1.02 
0.81 

1.69 
1.19 

0.89 
1.02 

0.41 
0.60 

1.00 
1.38 

n.  19 
0.10 

October,  which  undoubtedly  reflects  the  slowing  of  the 
large-scale  easterly  flow,  shown  in  figure  6A. 

Figure  6C  is  a  plot  of  the  average  wave  speed  versus 
longitude.  Although  variations  in  speeds  of  less  than  a 
knot  are  considered  statistically  insignificant,  the  figure 
does  show  that  the  disturbances  moved  somewhat  less 


rapidly  over  the  continent  than  over  the  ocean  (a  fact 
which  is  readily  apparent  upon  comparison  of  the  values 
of  the  overall  wave  speed  in  column  three  with  those  in 
column  nine  of  table  1).  The  point  at  which  the  disturb- 
ances began  to  accelerate  (22°  W.)  corresponds  to  the  axis 
of  a  large-scale  upper  trough  (see  fig.  7)  which  exists  as  a 
semipermanent  feature  along  the  entire  coastline  of  the 
Euro-African  landmass  (U.S.  Weather  Bureau,  1952).  Its 
presence  is  related  to  the  geography  and  is  necessitated  by 
the  removal  and  poleward  transport  of  warm  air  from  the 
continent.  The  corresponding  ridge  is  found  to  coincide 
with  the  speed  maximum  at  45°  W.  By  implication,  the 
speed  of  disturbances  is  affected  by  the  presence  of  large- 
scale  trough  and  ridge  patterns;  in  the  mean  they  de- 
celerate in  the  difluent  (southeasterly)  flow  east  of  a  trough 
and  accelerate  in  the  confluent  (northeasterly)  flow  to  the 
west  of  a  trough,  as  is  indicated  by  the  segmented  arrows 
in  figure  6C.  This  is  to  be  expected  in  a  quasi-barotr  opic 
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Figure  6. — (A)  moan  vortically  averaged  easterly  wind  profile 
between  150  and  950  mb  versus  latitude  over  .Africa  (10°  W.) 
and  over  the  mid-Atlantic  (40°  W.)  for  two  periods  of  .'i-ino 
averages  centered  on  July  and  October;  (B)  seasonal  distribution 
of  wave  speed  over  Africa  for  1968;  (C)  composite  distribution  of 
wave  speed  versus  longitude,  averaged  over  the  total  number  of 
cases  indicated  in  parentheses.  The  arrow  segments  suggest 
intervals  of  southeasterly  (SE)  and  northeasterly  (NE)  winds. 
The  mean  positions  of  major  upper  trough  and  ridge  areas  arc 
also  indicated. 


current  provided  that  the  disturbances  move  with  the 
mean  (vertically  integrated)  speed  of  the  flow.  Interest- 
ingly, the  areas  favorable  for  large-scale  ascent,  the  south- 
easterly regimes,  are  also  those  areas  favorable  for  dis- 
turbance intensification,  and  vice  versa  with  res])ect  to 
northeasterly  winds  and  disturbance  dissi])ation.  Certainly 
the  strong  northeasterly  trades  which  e.xisl  from  the 
longitude  of  the  Cape  Verde  Islands  westward  are  asso- 
ciated with  cloud  suppression. 

5.  THE  INFLUENCE  OF  SEA-SURFACE  TEMPERATURE 

In  addition  to  the  dynamical  factors  in  the  suppression 
and  enhanccn^cnt  of  disturbances  are  the  effects  of  sea- 
surface  tenipcratm'c.  Closely  linked  to  the  geography  and 
to  the  large-scale  flow  pattern,  the  strong  northeasterly 
ocean  current  conveys  cold  water  equatorward  along  the 
west  coast  of  Africa  to  form  a  jironounced  trough  of  cold 
water,  shown  in  figures  7A-C,-  which  is  located  apiiroxi- 
niately  belw(>en  longitudes  2!i°  and  45°  W.  Figures  7A-C 
illustrate  tlic  cft'ccts  on  tropical  storm  fornlat ion  of  the  coltl 
trough  in  the  sea-siu'face  temperatvur  fields;  in  particular, 
the  sensitivity  of  formation  to  the  location  of  the  SO°F 
(26.7°C)  isotherm  can  b(>  noted.  The  range  of  tcinpcrsiturcs 

=  The  sou  lenipiMiituri'S  in  nguros  7A  -('  mv  Inisinl  upon  viilin-s  by  Mnioiku  (I'.iCS)  ami 
upon  those  by  the  U.S.  nydroprapliic  Olllce  (im-l).  The  tropical  storm  positions  nn>  up- 
dated to  1967  by  the  U.S.  Weather  Uureau  (11)66). 


Figure  7. —  Mean  sea  surface  isotherms  (°F),  the  distribution  of 
initial  tropical  storm  fixes,  1901-1967  (filled  circles),  and  the  mean 
position  of  the  700-mb  wave  axis  for  (A)  June  and  July,  (B) 
August,  and  (C)  September. 


from  78''-82°F  (26''-27°C)  is  generally  accepted  as  beuig 
aiieqviate  for  tleepening  of  tropical  disturbances  from  the 
depression  stage  through  coupling  of  its  convective 
processes  aiul  ciioulaticni  with  the  oceanic  energy  source. 
According  to  paper  1,  tlie  distribution  of  conve^-tive 
instat)ility  over  \Vest  Africa,  as  measured  by  the  wet-bulb 
potential  temiierature  at  cU>ud  base.  d^.f.  is  strongly  in- 
fluenced by  the  temperature  of  the  ocean  surface  over 
which  the  trajectories  of  the  low-level  flow  are  originating. 
Figure  S  attempts  to  illustrate  a  relationship  between  sea- 
surface  temperature  and  convective  instability  as  it  e.xists 
over  tlie  eastern  tropical  Atlantic  during  the  sinnmer 
montiis.  It  contains  a  plot  of  6^.„  (as  computed  for  the  95i>- 
lub  level  but  derived  entirely  from  deck-level  observations 
nuule  onbitard  several  research  vessels  in  the  tropical 
eastern  Atlantic  duriui;  the  summer  of  1963  and  based  on 
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Figure  8. — Distribution  of  wet-bulb  potential  temperature  at 
cloud  base  (9„6)  and  the  sea-surface  temperature  {T,)  for  the 
eastern  tropical  Atlantic  during  summertime.  (Surface  data  were 
obtained  from  the  five  research  ships  identified  at  the  lower  left.) 
The  straight  line  represents  a  visual  fit  to  the  scatter  of  points. 
At  the  upper  left  is  the  mean  summertime  saturation  wet-bulb 
potential  temperature  (9,)  versus  pressure  (in  millibars)  over  the 
eastern  tropical  Atlantic.  The  shaded  region  signifies  that  sea- 
surface  temperatures  of  26°  to  27  °C  are  comparable  to  a  9„i,  of 
22°  to  23°C  which  is  barely  sufficient  to  exceed  9,  in  the  middle 
and  upper  troposphere  and  thereby  permit  deep  cumulonimbus 
convection. 


lapse  rates  of  potential  temperature,  adiabatic,  and  dew 
point,  0.5°C/10  mb,  near  the  surface)  versus  sea-surface 
temperature,  T^.  The  cigar-shaped  scatter  of  points  sug- 
gests a  straight  line  through  its  major  axis  having  the 
analytical  relationship  6„,^~T^—\.2. 

Since  a  variation  in  Q^^,  of  1°C  is  equivalent  to  a  change  of 
2.5°C  in  the  temperature  of  a  parcel  ascending  moist 
adiabatically  into  the  high  troposphere,  it  seems  reason- 
able to  assume  that  the  convective  instability  (and  hence 
the  existence  of  the  cumulonimbi)  is  closely  controlled  by 
the  sea-surface  temperature  and  its  modification  of  the 
subcloud  layer.  Furthermore,  when  the  value  of  d^,,,,  as 
given  by  a  particular  sea-surface  temperature  in  figure  8, 
is  read  against  the  scale  of  saturation  wet-bulb  potential 
temperature,  0^  (the  temperature  at  a  given  pressure  as 
measured  on  the  scale  of  the  moist  adiabats),  at  the  left 
of  the  diagram  the  former  begins  to  exceed  the  mean  value 
of  e,  in  the  middle  and  upper  troposphere'  (22°-23°C) 
where  the  temperature  of  the  sea  surface  begins  to  exceed 
26°-27°C  (shaded  region).  At  these  latitudes  deep  con- 
vection, in  which  air  parcels  can  reach  the  high  tropo- 
sphere, will  therefore  tend  to  be  suppressed  over  water 
much  cooler  than  about  80°F  (26.7''C),  even  in  the 
presence  of  large-scale  ascending  motion.  Conversely,  the 
growth  of  cumulonimbi  is  favored  over  water  warmer 
than  80°F,  provided  that  large-scale  convergence  is 
present  in  the  lower  layers. 

'  The  mean  sounding  Is  a  3-yr  average  for  three  stations  In  the  tropical  Atlantic,   Sal, 
Dakar,  and  Tenerlfle,  tor  the  months  of  July  through  September  during  1965-1967. 


Figure  9. — Mean  sea  surface  temperature  field  (in  °C  and  °F)  for 
(A)  August  1968  and  (B)  August  1966.  Also  included  in  (B)  is  the 
departure  isotherm  field  (dashed  lines  labeled  in  °F)  of  August 
1966  from  August  1968. 


Figures  7A-C  show  that  the  80°F  isotherm  extends 
south  of  10°  N.  in  early  July  but  advances  to  a  position 
a  little  north  of  15°  N.  in  September.  Disturbances  reach- 
ing 25°  W.  experience  large-scale  descent  and  an  influx 
of  stable  air  at  low  levels  for  a  period  of  3  to  5  days  as  they 
move  westward.  This  normally  hostile  environment  for 
disturbances  mitigates  as  the  season  progresses.  While 
only  a  very  few  disturbances  are  allowed  to  intensify  in 
any  year,  the  difference  in  tropical  storm  activity  over  the 
tropical  Atlantic  between  seasons  with  abnormally  cold 
and  warm  sea-surface  temperatures  may  be  highly  signifi- 
cant as  far  as  the  total  number  of  developing  systems  is 
concerned.  This  is  particularly  likely  if  the  intrusion  of  cold 
sea  temperatures  and  the  strength  of  the  upper  trough  are 
correlated  positively. 

Figure  9  shows  the  mean  sea  surface  isotherms  for 
August  of  1968  and  1966.  These  fields  were  composited  by 
the  U.S.  Fleet  Numercial  Weather  Facility,  Monterey, 
Calif.,  from  an  average  of  about  60  twice-daily  computer- 
ized temperature  fields  drawn  from  their  automated 
analysis  program.  August  of  1968  is  demonstrably  cooler 
than  that  of  1966,  a  situation  that  is  significant  in  view  of 
the  fact  that  1968  was  a  notably  weak  hurricane  season 
while  1966  was  the  most  recent  year  with  an  above-average 
hurricane  activity  in  the  tropical  Atlantic.  The  greatest 
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difFerences  in  sea-surfnre  temperature  l)et\vceii  the  2  mo 
occurred  in  the  latitudes  of  the  disturbiuice  belt  between 
25°  and  45°  W.  and  near  the  mean  position  of  the  80°F 
isotherm  in  that  area  (maximum  difference  of  2°F  at 
15°N.,35°W.)On  the  other  hand,  the  waters  immediately 
to  the  south  and  west  of  the  southern  coast  of  West  Africa 
were  warmer  in  August  of  1968  than  in  Aup;ust  of  any  of 
the  preceding  years,  a  situation  which  would  favor  a 
higher  degree  of  convective  activity  over  Africa  in  1968. 

6.  CONCLUSION 

This  paper  represents  an  attempt  to  illustrate  some 
important  aspects  of  African  disturbances,  based  on  a  wide 
sample  of  analyses  for  1968.  It  is  evident  that  the  dis- 
turbances are  large-scale  (synoptic)  wave  pertubations 
with  considerable  latitudinal  extent  that  exist  apart  from 
the  ITC  region,  although  they  extend  into  that  area.  They 
are  apparently  not  formed  near  the  African  coast  nor  (for 
the  most  part)  over  West  Africa;  rather,  the  disturbances 
originate  primarily  east  of  the  African  bulge,  possibly 
over  mountainous  terrain.  African  disturbances  are  not 
a  singular  occurrence  but  move  in  continuous  wave  trains 
off  the  African  (;oast.  Most  of  them  survive  to  reach  the 
Antilles,  their  numbers  constituting  a  possible  majority 
of  the  population  of  disturbances  in  the  eastern  Caribbean. 
African  disturbances  achieve  their  greatest  intensity  near 
the  African  coast  where  they  encounter  an  abundant 
supply  of  moist,  convectively  unstable  air  in  the  presence 
of  a  favorable  large-scale  wind  regime.  Thereafter  they 
customarily  suffer  a  disintegration  which  causes  most  of 
the  disturbances  to  become  very  weak  by  the  time  they 
reach  the  Antilles.  The  disintegration  seems  to  be  related 
to  the  long-wave  pattern  of  cold  sea-surface  temperatures 
west  of  the  Cape  Verde  Islands  and  to  the  stabilizing 
effects  of  large-scale  descent  west  of  an  offshore  trough. 
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SYNOPTIC  HISTORIES  OF  THREE  AFRICAN  DISTURBANCES  THAT  DEVELOPED  INTO 

ATLANTIC  HURRICANES 

TOBY  N.  CARLSON 

National    Hurricane   Research    Laboratory,   ESSA,   Miami,   Fla. 

ABSTRACT 

Surface  and  upper  air  ^700  mb)  analyses  along  with  high-quality  satellite  photographs  are  presented  for  a  2- 
week  period  during  August  and  September  1967.  These  show,  in  particular,  the  structure  and  motion  over  the  con- 
tinent of  Africa  of  four  major  wave  disturbances,  three  of  which  later  became  Atlantic  hurricanes.  The  evolution 
of  cloudiness  and  convection  and  the  intensification  of  the  disturbance  at  low  leveLs  over  West  Africa  are  examined 
in  detail  and  related  to  certain  climatological  features  of  the  area.  Some  general  characteristics  of  the  disturbances 
are  discussed. 


1.  INTRODUCTION 

In  a  recent  article  by  Simpson  et  al.  (1968)  summarizing 
the  origin  and  movement  of  Atlantic  tropical  disturbances 
during  the  1967  hurricane  season,  it  was  pointed  out  that 
about  one-half  of  the  61  disturbances  tracked  by  satellite 
photographs  and  ship  reports  across  the  tropical  Atlantic 
were  first  observed  close  to  the  African  Continent.  About 
one-half  of  these  were  classed  as  tropical  depressions, 
almost  all  of  which  formed  during  August  and  September. 
Of  the  25  disturbances  in  the  Caribbean  that  were  not 
associated  with  a  cold  Low,  12  were  traceable  back  to  the 
African  coast.  Out  of  a  seasonal  total  of  six  hurricanes  and 
two  tropical  storms,  three  hurricanes  and  both  tropical 
storms  developed  from  African  disturbances. 

Similar  statistics  probably  apply  to  other  seasons  as 
well  as  that  of  1967,  but  there  have  been  only  a  few  well- 
documented  cases  of  hurricanes  forming  from  African 
disturbances.  Such  documentary  evidence  (e.g.,  the 
formation  of  hurricanes  Debbie,  1961  (Erickson,  1963), 
and  Anna  of  that  same  year  (Arnold,  1966))  has  shown 
that  the  hurricane  formed  from  an  African  system  that 
had  been  a  particularly  well-developed  wave  perturbation 
in  the  upper  easterly  flow  over  the  continent  prior  to  its 
arrival  at  the  coast  of  Africa.  Less  explicit  examples  of 
such  development  are  to  be  found  in  annual  summaries  of 
hurricane  activity  (Dunn,  1961;  Dunn  and  StafT,  1962, 
1963,  1965;  Sugg,  1966,  1967)  that  describe  the  destructive 
hurricane  Donna  of  1960,  hurricane  Becky  of  1962, 
hurricanes  Florence  and  Gladys  of  1964,  hurricanes 
Betsy  and  Carol  of  1965,  and  hurricanes  Faith  and  Inez 
of  1966  as  having  originated  near  the  African  coast. 
Undoubtedly,  had  better  satellite  data  been  available 
for  those  years  and  more  effort  expended,  other  hurricanes 
and  tropical  storms  would  have  been  tracked  back  to  this 
region . 

An  excellent  opportunity  for  studjang  the  nature  and 
possible  origin  of  disturbances  over  Africa  ])rior  to  their 
intensification  into  the  hurricane  stage  presented  itself 
during  the  1967  hurricane  season  when,  following  the 
advent  of  the  high  quality  satellite  pictures  from  ESSA  5, 
hurricanes  Arlene,   Beulah,   and  Chloe    originated    from 


disturbances  that  crossed  the  West  African  coast  in  the 
incipient  stage  during  a  10-day  period  from  August  24 
to  September  3.  It  is  the  purpose  of  this  paper  to  present 
in  some  detail  a  synoptic  account  of  these  disturbances 
as  they  moved  across  the  Continent  of  Africa.  Satellite, 
surface,  and  upper  air  data  are  combined  to  serve  as  a 
guide  for  early  recognition  of  incipient  hurricanes  over 
West  Africa. 

2.  ANALYSIS 

In  order  to  describe  the  important  features  of  the 
weather  associated  with  traveling  disturbances,  the  1200 
GMT  streamlines  at  2,000  and  10,000  ft  (700  mb)  and  the 
surface  pressures  were  analyzed  for  each  of  15  successive 
days  from  August  21  to  September  5.  The  area  of  analysis 
over  land  was  prescribed  by  the  data  network,  which  is 
interrupted  at  the  Sudanese  border  in  the  east  and  at  the 
desert  in  the  north.  The  western  edge  of  the  analysis  is 
terminated  at  the  Cape  Verde  Islands.  Although  figure  1 
suggests  that  the  coverage  of  surface  and  upper  air  data 
in  the  area  is  abundant,  the  actual  transmission  of  reports 
from  stations  was  erratic.  Many  stations,  in  fact,  trans- 
mitted at  different  times  on  different  days  and  sometimes 
not  at  all.  Other  stations  reported  occasionally  or  trans- 
mitted at  0600  or  1800  g.mt.  Since  the  diurnal  fluctuations 
were  often  larger  than  those  produced  by  weather  systems  and 
since  many  stations  contained  an  appreciable  bias  in  the 
surface  pressure  as  the  result  of  a  barometric  inconsistency, 
a  procedure  was  followed  for  all  stations  to  maximize  the 
quality  and  density  of  data.  This  procedure  was  to  examine 
in  linear  display  the  15-day  records  and  recover  the  missing 
l)ressure  data,  where  possible,  from  the  24-hr  pressure 
change  values  that  are  transmitted  for  all  sub-Sahara 
stations.  Next,  the  average  pressures  were  computed  at 
1200  GMT,  and  a  mean  isobaric  map  (fig.  1)  constructed. 
The  magnitude  of  adjustment  necessary  to  make  the 
station  pressure  fit  the  analysis  was  considered  as  a 
constant  bias  to  be  added  to  the  individual  values.  A 
similar  procedure  was  used  to  obtain  the  diurnal  cor- 
rections, from  which  further  estimates  of  1200  gmt 
pressure  were  made,  using  an  interpolation  of  ofT-time 
reports  and  their  24-hr  pressure  tendencies. 
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Figure  1. — Mean  sea-level  isobars  at  1200  gmt  for  the  period 
Aug.  21-.Sept.  4,  19C7.  Contours  are  labeled  in  millibars  and  tenths 
above  1000.  The  distribution  and  type  of  reporting  stations  are 
indicated  b>  the  circles. 


Wind  reports  were  a,lso  erratic  during  this  ])eriod.  In 
some  instances  interpolation  between  off-time  soundings 
was  used  to  construct  the  1200  gmt  streamline  maps,  but 
in  general  the  data  were  plotted  at  the  station  location 
as  if  they  applied  to  1200  gmt.  When  it  became  apparent 
that  the  weather  systems  were  translatory,  the  first 
analyses  were  used  to  construct  a  second  set  of  maps  in 
which  off-time  data  were  displaced  longitudinally  from 
the  station  circle  by  a  distance  equal  to  the  appropriate 
wave  speed  times  the  time  differential  from  1200  gmt 
(6  or  12  hr).  In  addition,  surface  wind  and  ship  reports 
were  used  in  places  to  supplement  the  2,000-ft  winds. 

Besides  the  surface  and  upper  air  analyses,  satellite 
pictures,  such  as  those  shown  by  Simpson  et  al.  (1968), 
furnished  a  highly  visual  aid  in  identifying  and  following 
the  weather  systems.  Because  the  satellite  scans  coincide 
with  local  noon,  the  photographs,  digitally  rectified  to 
map  coordinates,  were  highly  relevant  to  the  1200  gmt 
analyses  and  are  presented  next  to  them. 

3.  CLIMATOLOGICAL  BACKGROUND 

It  has  been  known  for  some  tune  that  wavelike  dis- 
turbances in  the  easterly  flow,  associated  with  squally 
weather  at  the  surface,  move  westward  across  the  bulge 
of  West  Africa  during  the  monsoon  season  of  June-October 
(see  Arnold,  196G,  for  example).  During  the  early  part 
of  the  season  their  occurrence  is  sporadic  and  they  tend 
to  be  rather  weak,  but  by  August,  when  the  depth  and 
northward  penetration  of  the  moist  southwesterly  mon- 
soon air  are  the  greatest,  the  disturbances  are  rather  more 
intense  and  are  observed  to  pass  Dakar  at  intervals  of 
H  or  4  days.  Even  in  these  months  there  nniy  be  periods 
of  relative  imtctivity  lasting  from  several  days  to  a  week 
or  two.  Both  Erickson  and  Arnold  found  tiuit  the  per- 
turbations originated  somewhere  east  of  longitude  10° 
20°E  and  moved  westward  at  a  fairly  regular  speed  of 
about  15  kt.  The  accomi)anying  cloudiness  and  bmuls 
of  thunderstorms  are  undoubtedly  related  to  Eldridge's 
(1957)  traveling  disturbance  linos,  which  consist  of  more- 
or-less  north-south-orienled  line  sejualls.  These  are  known 
to  produce  quite  violent  weather  over  the  interior,  but 


Figure  2. — Lower  tropospheric  zonal  vertical  shear  (light  dashed 
lines  labeled  in  knots;,  wet-bulb  potential  temperature  at  9.50  mb 
(heavy  dashed  lines  labeled  in  °C),  and  air  trajectories  at  2,000 
ft  for  1200  G.MT,  Sept.  3,  1967.  The  9.')0-mb  wet-bulb  potential 
temperature  at  the  origin  of  the  trajectory  is  indicated  by  a 
single  figure.  Duration  of  travel  in  days  is  equal  to  the  number  of 
segmented  intervals  along  the  trajectory.  Sea-surface  tempera- 
tures (thin  lines  labeled  in  °C)  were  taken  from  values  obtained 
by  the  research  vessel  Geronima  during  earl\  .\ugust  1963. 
Representative  positions  of  the  low-  and  high-level  easterly  jet 
streams  are  indicated.  The  center  of  a  developing  surface 
depression  is  shown  by  a  filled  circle. 


are  somewhat  less  intense  as  they  reach  the  western 
coastline. 

The  flow  pattern  over  West  Africa  is  strongly  dominated 
by  the  effect  of  the  Sahara  Desert,  a  vast  area  of  uniformly 
high  potential  temperature  (fl~45°C)  and  low  relative 
humidity  throughout  much  of  a  very  deep  layer  of  dry 
convection.  In  contrast,  the  Atlantic  Ocean  and  Gulf  of 
Guinea  comprise  a  relatively  cold  area  (9~25°C)  over 
which  a  shallow  southwesterly  current  of  moist  air  flows 
inland,  cutting  across  the  isobars  froni  a  subequatorial 
high-pressure  cell  (see  figs.  1  and  2).  Interestingly,  both 
the  extremes  of  cold  sea-surface  temperatures  in  the  Gulf 
of  Guinea  and  warmth  over  the  Sahara  Desert  are  reached 
in  August.  Between  the  relatively  cold  waters  of  the 
Gulf  of  Guinea  and  the  cold  North  Equatorial  Current 
flowing  southward  along  the  African  coast  exists  a  narrow 
tongue  of  warmer  water,  associated  with  an  equatorial 
countercurrent,  which  is  warmest  in  late  August. 

The  theruuil  wind  produced  by  this  striking  temperature 
gradient  results  in  a  very  rapid  iiu^rease  in  easterly  wind 
with  height  over  the  land  and  the  existence  of  a  strong 
easterly  current  aloft  (see  Reiter.  1963\  During  the  late 
summer  months  the  transition  level  between  the  easterly 
and  westerly  flow  slopes  ujjward  from  its  intersection 
with  the  surface  at  about  20°  lat.  to  a  height  of  about 
1  or  2  km  at  o'-lCX,  south  of  which  the  transition 
ceases  to  become  well  defined  and  the  winds  themselves 
are  light.  At  middle  levels  the  temperature  gradient 
revei-ses  from  that  at  low  levels,  and  the  thermal  wind 
reversal  leads  to  a  very  nsvrrow  easterly  jet.  centered 
between  t)00  and  700  mb  and  at  IS'-IT^N.  The  strength 
of  this  jet  is  variable  in  time  and  space  and  is  often  as 
high  as  30  or  40  kt  (a  shear  of  40  or  50  kt  from  2,000  ft). 
Outside  the  region  of  the  African  bulge  the  meridional 
temperature  contrast  is  less  pronounceil.  and  the  strong 
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middle-level  easterlies  are  therefore  confined  to  the  area 
between  long.  15°E  and  20°W  (see  fig.  2). 

The  velocity  of  the  disturbances  is  about  equal  to  that 
of  the  mean  tropospheric  wind  and  is  contrary  in  direction 
to  the  low-level  flow.  The  basic  easterly  current  overlying 
the  moist  monsoon  current  enables  the  convective  dis- 
turbances to  possess  the  characteristic,  unique  for  Africa, 
of  long-term  propagation.  The  strong  wind  shear  and  lid 
of  drier  air  aloft  somewhat  resemble  conditions  found  over 
the  Middle  West  of  the  United  States  and  may  be  respon- 
sible for  producing  a  similarly  violent  convection. 

West  of  longitude  15°E  and  south  of  about  lat.  8°-10°N, 
the  uncommon  occurrence  of  intense  thunderstorms  during 
the  months  of  August  and  September,  travehng  or  other- 
wise, is  due  not  so  much  to  the  absence  of  any  strong  basic 
current  but  to  a  notable  lack  of  convective  instability  at 
low  levels  in  air  whose  recent  origin  had  been  over  the  cold 
Gulf  of  Guinea.  According  to  figure  2,  the  wet-bulb 
potential  temperature,  dy,,  at  950  mb  (the  cloud  base),  as 
estimated  from  surface  conditions  using  appropriate  lapse 
rates  of  temperature  and  dewpoint,  is  closely  related  to  the 
sea-surface  temperature  in  the  region  where  the  2,000-ft 
trajectories  show  the  air  to  be  originating.  Temperature 
soundings  for  West  Africa  show  that  a  parcel  of  air  lifted 
from  950  mb  is  convectively  unstable  throughout  most  of 
the  troposphere  when  its  By,  exceeds  about  22.5°C.  Air 
originating  over  the  Gulf  of  Guinea  is  therefore  stable  as  it 
crosses  the  southern  coast  of  West  Africa  but  it  later 
achieves  a  marginal  instability  north  of  about  10°  lat. 
Air  originating  over  the  warm  current  of  water  south  of 
the  Cape  Verde  Islands  is  initially  somewhat  unstable, 
having  a  5„  at  cloud  base  of  about  22.5°,  and  later  achieves 
a  rather  large  instability  over  a  wide  portion  of  the  in- 
terior. Disturbances  that  pass  through  this  region  of  high 
instability  can  be  expected  to  intensify,  although  the  con- 
vection itself  will  once  more  become  weaker  along  the 
immediate  coast  and  out  over  the  ocean.  Of  course,  other 
factors,  such  as  large-scale  descent  in  this  area,  can  cause 
the  disturbances  to  dampen  once  they  reach  the  coast. 

Before  proceeding  to  the  individual  wave  disturbances, 
some  remarks  concerning  the  interpretation  of  the  satellite 
photographs  may  be  useful. 

From  an  analysis  of  the  cloud  data,  available  from  the 
standard  synoptic  reports,  it  was  found  that  five  or  six 
characteristic  weather  types  could  be  readily  identified  by 
their  brightness  and  texture  on  the  satellite  pictures.  The 
following  descriptions  are  pertinent  only  to  the  vicinity  of 
sub-Sahara  West  Africa  during  August  and  September: 

A)  Intense  convection:  thunderstorms  associated  with 
cumulonimbus  clouds  and  accompanied  by  heavy  precipi- 
tation. Appears  on  digitalized  satellite  photographs  as  a 
white,  bright  area.  An  example  of  this  type  is  shown  for 
August  22  (fig.  5d). 

B)  Weak  convection:  heavy,  dense  middle  and  high 
cloud  with  some  showers.  Low  clouds  either  suppressed  or 
with  some  swelling  cumulus.  Appears  on  satellite  pictures 
as  a  smooth,  light  gray  area  surrounding  convective 
regime  ( fig.  5d) . 

C)  Stratiform:  m\ich  of  the  cloud  seen  over  tropical 
West  Africa,  south  of  10°N,  falls  into  this  category.  Low 


cloud  is  broken-to-overcast  stratocumulus  or  stratus  hav- 
ing little  or  no  precipitation.  Middle  and  high  cloud  cover, 
when  visible  at  the  surface,  is  broken  to  overcast.  It 
appears  on  satelUte  pictures  as  a  mottled  and  lusterless 
gray  (fig.  5d). 

D)  Rain,  not  associated  vnth  thunderstorms:  light  or 
moderate  precipitation;  intermittent  and  showery  and 
usually  associated  with  stratiform  variety  of  cloud  cover. 
This  type  appears  smoother  and  thicker  than  stratiform 
(fig.  5d). 

E)  Broken  stratiform:  similar  to  stratiform  type  but 
lower  clouds  are  broken  and  may  consist  of  cumuliform  as 
well  as  stratiform  cloud.  Middle  and  high  cloud  cover 
tends  to  be  highly  broken.  It  appears  on  satellite  pictures 
as  a  mottled  gray  with  numerous  open  spaces  (fig.  5d). 

F)  Fair  weather:  few  or  scattered  low  clouds,  usually 
cumulus.  Middle  and  high  cloud  cover  is  thin  and  up  to 
broken  cover.  It  appears  on  satellite  pictures  as  a  mostly 
open  area  with  faint  gray  streaks  (fig.  5d). 

4.  THE  WAVE  DISTURBANCES 

During  the  15-day  period  a  total  of  six  wave  disturb- 
ances reached  the  west  coast  of  Africa;  a  seventh  already 
existed  over  the  ocean  on  the  21st.  Two  of  the  six  waves 
were  weak  and  short  lived,  leaving  four  waves  of  similar 
intensity  and  character,  each  of  which  accompanied  the 
formation  of  a  major  depression  at  surface  near  the 
coast  of  West  Africa  (fig.  3).  For  discussion  purposes  the 
mean  longitude  of  wave  axis  (wind  shift  line)  at  700  mb, 
which  was  adjusted  for  continuity  of  motion  to  remove 
sudden  jumps  in  speed,  is  designated  by  an  arrow  and 
labeled  according  to  a  system  followed  by  Arnold  (1966). 
This  discussion  is  concerned  primarily  with  the  four  major 
disturbances,  W-1,  W-3,  W-4,  and  W-6.  It  should 
be  pointed  out  that  because  of  the  rather  large  (for  low 
latitudes)  pressure  gradient  across  the  lower  portion  of 
West  Africa  the  existence  of  a  vortex  center  may  not  be 
significant  in  itself  insofar  as  a  greater  amount  of  vor- 
ticity  may  be  concentrated  in  the  high-speed  portion  of  the 
wave.  Similarly,  an  apparently  closed  isobar  at  sea  level 
may  not  be  present,  despite  obvious  pressure  falls  there. 

Wave  W-1  (later  to  become  hurricane  Arlene)  appears 
on  the  21st  with  its  axis  near  long.  5°E  (see  the  sequence 
of  figs.  4-9).  During  the  next  2  days  it  increased  its  for- 
ward speed  slightly;  the  area  of  cloudiness  and  intense 
convection  increased  and  became  quite  striking  on  the 
satellite  picture  for  the  23d.  Subsequently,  the  wave 
slowed  its  forward  speed,  and  the  thunderstorm  activity 
diminished.  At  the  same  time  both  the  weak  confluence 
and  cyclonic  curvature,  previously  noted  in  the  2,000-ft 
streamlines,  and  the  surface  pressure  trough  intensified 
beneath  the  upper  wave  (see  also  fig.  3).  A  closed  vortex 
formed  near  14.5°N  prior  to  1200  gmt  on  the  25th, 
producing  4-mb  pressure  falls  at  Dakar  and  over  the 
Cape  Verde  Islands.  On  the  30th,  after  reaching  long. 
45°E,  it  became  a  tropical  storm. 

Wave  W  -3  (later  to  become  hurricane  Beulah)  appears 
first  on  the  22d  near  the  eastern  edge  of  the  analysis 
network  (figs.  5-13).  A  widspread  area  of  enhanced 
rainfall  and  convection  east  of  the  Cameroon  Mountains 
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Figure  3. — Time  variation  of  diurnally  corrected  sea-level  pressure  in  millibars  for  stations  situated  approximately  alonp  lat.  14°N  and  at 
the  longitude  indicated  below  the  station  identification  number.  The  approximate  mean  pressure  for  each  station  during  the  period  tin 
millibars  and  tenths  above  1000)  is  shown  in  the  margins. 


(15°E  long.)  accompanied  the  wave's  passage  westward  relatively  narrow  zone  between  10°  and  1S''N  lat.  Cy- 
across  these  mountains.  After  its  arrival  over  their  west  clonic  circidation  and  confluence  in  the  ■2,000-ft  stream- 
slopes  on  August  24  the  rainfall  area  became  more  co-  lines  became  more  noticeable  after  the  27th.  and  a 
herent,    while   the   convection   itself   was   confined   to   a  closed  vortex  formed  beneath  the  wave  axis  at  12'N  on 
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the  29th.  Pressure  falls  associated  with  the  depression 
amounted  to  2  mb  at  Dakar  and  the  Cape  Verde  Islands. 
It  remained  quiescent,  however,  for  some  time,  and  it 
was  not  imtil  September  8  at  long.  60°W  that  the  de- 
pression became  a  tropical  storm. 

Wave  W-4  may  have  formed  within  the  data  network 
and  appears  first  as  a  weak  perturbation  near  long.  15°E 
on  August  26  (figs.  9-14).  It  intensified  during  the  follow- 
ing day  and  subsequently  arrived  near  the  coast  on 
August  30,  where  it  closely  resembled  the  preceding  two 
waves.  The  satellite  photograph  for  the  30th  shows  a 
widespread  cloud  system  with  cyclonic  bands  whose  center 
of  circulation  coincides  with  a  newly  formed  depression 
just  offshore  at  lat.  14.5°N.  Pressure  falls  associated  with 
this  vortex  were  about  2  mb  (fig.  3)  at  Dakar  and  the 
Cape  Verde  Islands.  The  disturbance  maintained  its  cir- 
cular cloud  pattern  for  a  iew  days,  but  despite  its  likely 
appearance  it  failed  to  develop. 

Wave  W-6  (later  to  become  hurricane  Chloe)  was  first 
noticed  near  long.  15°E  on  the  27th  (figs.  10-18)  along 
with  some  increase  in  convective  activity  east  of  the 
Cameroon  Mountains.  It  moved  westward  unaccompanied 
by  any  appreciable  cloudiness  or  convection  until  Septem- 
ber 3,  when  numerous  thunderstorms  appeared  some  dis- 
tance behind  the  wave  axis.  During  the  next  2  days  the 
increase  in  low-level  circulation  and  precipitation  was 
rather  dramatic,  and  on  September  3  a  vortex  began  to 
form  overland  southeast  of  Dakar.  The  circulation,  whose 
circular  banding  and  definite  center  are  strikingly  ap- 
parent on  the  satellite  picture  for  September  4,  coincided 
with  a  depression  located  at  14.5°N.  Pressure  falls  of  4 
mb  were  observed  along  the  African  coast  and  over  the 
Cape  Verde  Islands  (fig.  3)  as  the  system  passed  westward. 
On  September  8  at  long.  38°W  it  achieved  the  status  of  a 
tropical  storm. 

5.  DISCUSSION 

Figures  4-18  (a-c)  illustrate  some  of  the  details  associ- 
ated with  the  passage  of  traveling  wave  disturbances 
across  West  Africa  and  the  extreme  eastern  tropical 
Atlantic  Ocean.  The  waves  moved  in  a  coherent  fashion 
across  much  of  West  Africa,  and  their  eastward  speed 
varied  from  12  to  20  kt.  Far  inland,  the  disturbances  were 
rather  difficult  to  track  in  the  surface  pressure  field  or  the 
2,000-ft  streamlines,  even  with  the  aid  of  satellite  pictures. 
At  this  stage  the  magnitude  of  the  surface  pressure  falls 
accompanying  the  disturbances  usually  did  not  exceed 
more  than  1  or  2  mb,  although  the  flow  pattern  often 
showed  weak  cyclonic  curvature  beneath  the  upi)er  wave. 
The  most  positive  means  for  tracking  the  disturbances 
over  the  continent  proved  to  be  the  700-mb  wind  field, 
although  a  combination  of  surface  isobars,  satellite  pic- 
tures, and  2,000-ft  winds  was  most  helpful  in  augmenting 
and  supporting  the  upper  air  data. 

When  the  waves  reached  the  coast,  intensification  in  the 
low-level  circulation  resulted  in   the  development  of   a 


depression  near  or  just  inland  from  the  coast.  At  this  point 
the  cloud  pattern  in  its  vicinity  became  noticeably  circular 
or  banded  and  was  accompanied  by  a  2-  to  4-mb  anomaly 
in  central  pi-essure  of  the  vortex.  The  incipient  depression 
was  recognizable  during  its  intensification  into  a  closed 
vortex  by  a  pronounced  shift  in  the  surface  winds  from 
northwest  to  southwest  with  the  passage  of  the  upper 
wave. 

These  cloud  and  rainfall  patterns,  recognizably  associ- 
ated with  the  traveling  disturbances,  were  at  first  widely 
scattered  east  of  the  Cameroon  Mountains;  once  on  the 
other  side  there  was  often  little  convection  accompanying 
the  wave,  as  a  consequence  of  its  passage  through  a  region 
of  less  convectional  instability.  Later,  as  the  wave  began 
to  encounter  more  unstable  air  whose  origin  was  over  the 
warmer  water  southwest  of  Dakar,  cloudiness  increased, 
and  an  intensification  of  the  system  took  place.  Figure  2 
shows  that  the  rapid  development  of  the  surface  depression 
on  September  3  occurred  as  the  wave  passed  through  the 
region  of  maximum  instability.  According  to  Gray  (1967), 
the  removal  of  the  strong  shear  and  the  subsequent  passage 
of  the  tropical  depression  across  the  warm  water  south 
of  15°N  would  have  favored  its  continuance  or  intensifi- 
cation, even  though  the  instability  was  somewliat  smaller 
over  the  ocean. 

The  mean  distribution  of  rainfall  and  thunderstorm 
activity  with  respect  to  the  700-mb  position  of  the  wave 
axis  (fig.  19)  shows  that  (at  lat.  14°N)  the  maximum 
occurred  some  distance  ahead  of  the  trough  and  a  mini- 
mum immediately  behind.  A  minor  maximum  is  also  found 
behind  the  trough.  Such  a  distribution  may  be  related  to 
the  peculiar  wind  profile,  which,  unlike  that  found  with 
the  classical  Easterly  Wave,  requires  a  low-level  con- 
vergence ahead  of  the  wave  and  also  at  lower  middle  levels 
behind  it.  Somewhat  contrary  to  the  findings  of  Arnold 
(1966),  the  mean  soundings  for  this  15-day  period  show 
that  the  wave  is  cold  core  only  up  to  500-600  mb  and  is 
warm  core  above,  suggesting  that  the  waves  are  therefore 
most  intense  at  that  level  (fig.  20).  The  combination  of 
upper  level  warmth  and  relatively  moist  conditions  in  the 
wave  axis  at  all  levels  further  suggests  that  the  wave 
structure  is  closely  controlled  by  the  convection,  wherein 
heat  of  condensation  is  released  predominantly  at  high 
levels  while  the  low-level  air  is  cooled  by  downdraft 
evaporation  in  thunderstorms.  On  the  sounding  for  Sal  a 
pronounced  inversion  at  low  levels  is  recognizable,  which 
suggests  the  presence  of  air  aloft  whose  recent  origin  had 
been  over  the  desert  and  whose  effect  would  be  to  suppress 
the  convection  in  this  area. 

A  final  consideration  is  the  possible  origin  of  the  travel- 
ing disturbances. Thompson  (1965)  has  stated  that  easterly 
waves  and  traveling  disturbance  lines  have  not  been  de- 
tected over  the  East  African  synoptic  network,  but  he 
concedes  that  such  phenomena  do  exist  over  West  Africa. 
This  study  indicates  that  the  wave  disturbances  formed 
somewhere  east  of  10°-15°E  and  points  toward  a  favorable 
source  region  over  the  high  ground  that  stretches  east- 
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FiouRE  4. — (a)  streamlines  in  perspective  at  700  inb  for  Aug.  21,  1967.  The  wind  vectors  at  1200  gmt  are  plotted  at  the  station  location 
(fiUi-d  circles) .  Off-time  observations  arc  displaced  from  their  station  location  according  to  the  wave  speed  (open  circles).  Off-level 
winds,  pertaining  to  the  7,000-  or  i;!,000-ft  levels,  are  signified  by  a  triangle.  The  longitudinal  positions  of  the  \ipper  wave  axis  art- 
designated  by  an  arrow  at  the  top.  (b)  same  as  figme  4a  but  for  2,000  ft.  Off-level  wind  sectors  refer  to  surface  u'oa.stal^  or  ship  reports. 
(c)  surface  i.sobars  at  1200  cm  r,  .\ug.  21,  l'.H>7.  Contour  intervals  (.solid  and  dashed  lines)  are  labeled  in  millibars  and  tenths  above 
1000.  (d)  digitalized  mosaic  of  KSS.\-r)  satellite  photograph  tOrbits  loOO-lotjl)  at  approximately  1500  omt,  Aug.  21,  U»67.  Wave  axes 
are  indicated  ns  in  figure  4a. 
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Figure  5.— Same  as  figures  4  (a-d)  except  for  Aug.  22,  1967.  On  the  satellite  photograph  (Orbits  1573-1574,  1425-1619  gmt),  the  letters  A 
(intense  convection),  B  (weak  convection),  C  (stratiform),  D  (rain  without  thunderstorms),  E  (broken),  and  F  (fair  weather)  pertam 
to  the  descriptions  given  in  the  text.  Various  weather  symbols  are  also  shown. 
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FiQDRE  6. — Same  as  figures  4  (a-d)  except  for  Aug.  23,  1967,  Orbits  15S5-15S7,  130S-1655  OMT. 


332-2S2   O  -  69  -  S 


264 


MONTHLY  WEATHER  REVIEW 

W-3 


Vol.  97,  No.  3 


WEST      20° 


10° 


20°     EAST 


Figure  7.— Same  as  figures  4  (a-d)  except  for  Aug.  24,  1967,  Orbits  1598-1599,  1345-1538  gmt. 
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Figure  S,— Siinu-  us  tiguivs  4  (n-A)  i-xcept  for  Aug.  •->.'),  I'.HiT,  Orbits  If.l  l-Uirj.  U'JJ-U>i:>  gmt. 
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Figure  9.— Same  as  figures  4  (a-d)  except  for  Aug.  26,  1967,  Orbits  1623-1625,  1305-1652  gmt. 
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Figure  10. — Samo  as  finuros  4  (ad)  cxotpt  for  Aur.  '27.  UHIT,  (.)rlnts  Ui;H>-U>o7.  140IV16IX1  cmv. 
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Figure  11.— Same  as  figures  4  (a-d)  except  for  Aug.  2H,  1967,  Orbits  1649-16.30,  1419-1612  gmt. 
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Figure  12. — Same  as  figures  4  (a-c)  except  for  Aug.  29,  1967.  (The  satellite  photograph  was  voided  by  transmission  difficulty.') 


ward   from   the   Cameroon    Motintains    (Ekiridge,    1957, 
p.  306). 

6.  CONCLUSION 

Hurricanes  Arlene,  Beulah,  and  Chios  of  the  1967  season 
developed  from  traveling  wave  disturbances  that  were 
tracked  back  to  the  interior  of  the  African  Continent. 
Typically,  the  disturbances  moved  westward  with  little 
developntcnt  aloft  or  reflection  at  the  surface  until  they 
approached  the  western  part  of  the  African  bulge.  There 
they  encountered  a  supplj-  of  higldy  unstable  air  at  low 
levels  that  accomniodated  a  development  of  the  wave  into  a 
more  intense  distiu-bance  and  was  accontpanied  by  en- 
hanced convection  and  a  formation  of  a  weak  depression 
at  the  surface.  Upon  reaching  the  coast,  the  convection 
diminished  and   became  somewhat  suppressed,   although 


the  area  cloudiness  and  rainfall  remained  large.  While 
recent  evidence  suggests  that  luirricanes  and  tropical 
storms  not  uncommonly  originate  from  African  disturb- 
ances, the  vast  majority  of  such  disturbances,  including 
many  that  are  highly  similar  to  or  even  stronger  than 
these  three  disturbances,  fail  to  continue  their  intensifica- 
tion out  over  the  ocean.  An  example  of  tiiis  is  also  shown 
in  the  analyses. 
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Figure  13.— Same  as  figures  4  (a-d)  except  for  Aug.  30,  1967,  Orbits  1674-1676,  1339-1726  qmt. 
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FiouKE  14.— Same  as  figures  4  (ii-ii)  except  Aug.  31,  1<)67,  Orbits  1687-1688,  1415-1609  out. 
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Figure  15.— Same  as  figures  4  (a-d)  except  for  Sept.  1,  1967,  Orbits  1700-1701,  1452-1645  gmt. 
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FiouRE  16.— Same  sis  finuros  i  (n-d)  excopt  for  Sopt.  J,  UHiT,  Orbits  1712-1714,  lo;?:>-l722  omt. 
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Figure  17.— Same  as  figures  4  (a-d)  except  for  Sept.  3,  1967,  Orbits  1725-1726,  1412-1605  gmt. 
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Figure  18.— Same  as  figures  4  (a-d)  except  for  Sept.  4,  U>67,  Orbits  173S-1739,  133.^-1(54-'  omt. 
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Figure  20. — Skew-T  diagram  for  four  West  African  radiosonde  stations,  f^ach  sounding  represents  an  average  of  about  three  individual 
ones  that  were  made  when  the  station  was  either  close  to  the  axis  of  one  of  the  four  major  waves  (light  solid  and  dashed  curves  for 
temperature  and  dewpoint  respectively)  or  near  the  ridge  lines  on  either  side  of  the  trough  (heavy  solid  and  dashed  curves).  Temperature 
and  pressure  coordinates  are  labeled  in  °C  and  millibars.  The  wet-bulb  potential  temperature  curve,  e„  =  24°C,  is  also  drawn. 
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A  NOTE  ON  DRAWING  PROBABILITY  SECTORS 

PETER  P.  CHASE 

National  Hurricane  Research  Laboratory,  ESSA,  Miami,  Flo. 

ABSTRACT 

The  problem  of  finding  the  probability  that  a  tropical  storm  will  be  in  a  given  area  at  foreca-st  time  i.s  con.sidered 
graphically. 

With  given  bivariate  data  that  have  a  joint  normal  distribution,  a  method  is  presented  for  plotting  ellipses  and 
rays  which  partition  the  data  area  into  annuli  and  sectors  having  equal  values  of  integrated  probability. 


Refer  to  Hoel  (1954),  page  150.  With  given  data  points 
{x,y)  as  deviations  from  the  mean,  if  vahies  in  each  com- 
ponent are  normally  distributed  with  standard  deviations 
(Tj:  and  (jy  and  if  the  components  are  correlated  with 
coefficient  p,  the  probability  density  function  is  defined 
to  be: 

/   - 1    \'x'      ^  y_^y^\ 

ii,     .      '^P    l2(l-p-)U~^^..a+<rd/  ... 

If  /  is  held  fixed,  the  above  equation  determines  an 
ellipse.  Rapp  and  Isnardi  (1951)  showed  that  the  inclina- 
tion angle  ^o  of  this  ellipse  is  given  by: 


e.xp  (-s72)=l-P 


(7) 


Integration  of  (1)  over  the  elUijtical  sector  A  of  figure 
1  is  thus  equivalent  to  integration  of  the  transform  of 
(1)  divided  by  the  Jacobian  of  the  transformation  over 
the  circular  sector  B  of  figure  2  in  the  ^,  rj  plane. 


If- 


J=i<p2-<t>i)iP2-Pi)l2ir 


(8) 


1                 2p(rj(r„ 
00=0  arc  tan  -^ 1 


(2) 


They  integrated  equation  (1)  over  the  area  of  such  ellipses, 
obtaining  the  jirobability  distribution  function  P: 

P=jJMy)dxdy 

1^2(1  — p'')  Lo-x  <J,  <j,     a;  J  J 


where  </>,  and  (j>2  are  the  transforms  of  d^  and  9...  This  result 
shows  that  given  an  area  divided  into  annidi  having 
equal  probability  by  ellipses  (4),  the  sectors  formed  by 
two  fixed  rays  will  have  equal  probability  from  one 
annulus  to  another. 

On    a   mechanical    jiiotter,    tlie   ellipses   can   be   drawn 

using: 

-2(l-p=)  In  (1-P) 


r=± 


cos' 9 


cos  6  sin  S     sin-  6 


(9) 


(3) 


where  x  and  y  are  constrained  by  /(y,?/)  =  constant.  The 
ellipses  (1)  are  more  usefully  characterized  by  P: 

-,-2p^y-+'4=-2{l-p^)lnil-P).  (4) 

Ci  Ox  a„     (7 J, 

This  integration  was  accomplished  by  the  transforma- 
tion : 


The  area  can  be  divideil  into  A'  sectoi-s,  eacli  luwing 

eqiial    probability,    bj'   rays    6j,   j=0.    1 .V— 1, 

wliere  6o  is  given  by  (2)  and : 
Y 


(5) 


which  has  the  property  that  tiie  ellipses  (4)  become 
circles  in  the  ?,  rj  jilane,  while  rays  in  the  x,  y  plane  ren\ain 
rays  in  the  |,j7  plane.  For  polar  coordinates  /•,  d  in  the 
X,  y  plane  and  s,  (/>  in  the  f,  -n  plane,  we  have: 


tan  <)= 


and 


(Txil-p")^  tan  e. 
cr„  — pcTj.  tan  6 


(6) 
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FiGVKK  1. —  An  oUiptiojU  sector  in  tho  data  suva. 
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Table  1. — Statistical  parameters  generating  figure  3 


Figure  2. — The  elliptical  sector  transformed    to  i,  n  coordinates. 
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NHC-6U  24- HOUR  FORECASTS  -  INDEPENDENT  SAMPLE  1962-67 

OVERLAY  DRAWN  FOR  30.0  DEG  LRT 

LAMBERT  CONFORMRL  PROJECTION.  1  TO  10000000 

I 1  =  1  DEG  OF  LAT 

PUT  STBH  CN  FCST  PSN.  TURN  DIHECTION  CF  MOTION  TO  TOP 

Figure  3. — Probability  sectors  and  legend  drawn  by  a  mechanical 
plotter. 


(/)o=arctan 


'^.(l-p')'^^singo  ^ 
(Ty  COS  6(,—p<Tx  sin  do 
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and 


5j  =  arctan 


4,j=4>o+2wj/N, 

<Jy    sin    (/); 


o-j:(1  — p-)  COS  (^j-f-pffi  sin  ^j 


ioTJ=l,  2, 


A^-1. 


(11) 
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Figure  3  was  generated  on  an  incremental  plotter  for 
24-hr  forecast  errors  in  the  NHC-64  hurricane  forecast 
system.  (See  Miller  and  Chase,  1966;  also  Miller,  Hill, 
and  Chase,  1968.)  Each  sector  contains  0.5  percent  of  the 
total  probability.  Error  components  were  taken  with 
respect  to  the  forecast  direction  of  motion  of  a  sample  of 
hurricanes  between  1962  and  1967;  means,  standard  de- 
viations, and  correlation  were  computed  by  Mr.  Billy  M. 
Lewis  of  this  laboratory.  These  are  given  in  table  1.  The 
azimuth  scale  of  figure  3  is  forecast  direction  of  motion, 
read  at  the  top.  As  a  transparent  overlay,  the  diagram 
can  be  used  to  estimate  the  probability  of  the  storm  center 
being  within  a  given  area  in  24  hr. 
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PROJECT  STORMFURY 

By  R.  Cecil  Gentry 

Project  Stormjury  is  a  co-operative  venture  of  the  Departments  of  Commerce 
and  Defense  of  the  United  States,  with  the  Environmental  Science  Services  Adminis- 
tration (ESSA)  and  the  Navy,  respectively,  as  the  principal  participants.  Its  objective 
is  to  determine  to  what  extent  man  can  beneficially  alter  tropical  cyclones  (Gentry 
and  Edelstein,  1968).*  The  project  was  formally  organized  in  1962  after  the  same 
groups  had  attempted  modification  of  hurricane  Esther  in  1961  with  encouraging  if 
inconclusive  results.  They  later  conducted  modification  experiments  on  hurricane 
Bculah  in  1963  with  similar  results.  Since  then,  researchers  have  greatly  expanded 
our  knowledge  of  the  structure  and  energy  processes  of  hurricanes  and  of  the 
convective  processes  in  tropical  clouds.  Better  instrumentation  and  techniques  for 
counting  freezing  nuclei  and  measuring  liquid  and  solid  water  content  of  clouds  and 
other  parameters  have  become  available.  Theoretical  models  of  the  synoptic  scale 
features  of  tropical  cyclones  and  of  the  microscale  cumulus  convective  elements  found 
in  them  have  been  greatly  improved.  As  a  result  of  these  developments  the  emphasis 
and  experimental  design  have  gradually  evolved  for  Project  Stormjury.  It  seems  perti- 
nent, therefore,  to  summarize  the  programme  and  the  current  status  of  the  project. 

In  this  paper  we  will  list  the  reasons  for  having  such  a  project,  explain  its 
goals,  describe  approaches  being  considered,  and  outline  the  research  programme 
proposed  for  the  next  two  to  five  years. 

Two  general  considerations  justify  Project  Stormjury:  (1)  recent  improvements 
in  our  understanding  of  the  physical  processes  fundamental  to  the  maintenance  of 
hurricanes  suggest  promising  avenues  of  experimentation;  and  (2)  enormous  rewards 
can  be  derived  from  even  a  slight  degree  of  beneficial  modification.  The  first  will 
be  elaborated  in  later  sections;  the  second  may  be  illustrated  by  the  following  rough 
cost /benefit  analysis. 

Tropical  cyclones  caused  an  average  annual  damage  in  the  United  States  of 
13  million  dollars  between  1915  and  1924.  By  the  period  1959  to  1968,  this  figure 
had  jumped  to  295  million  dollars.  Even  after  considering  the  inflated  cost  of 
construction  in  more  recent  years,  a  475  per  cent  increase  in  the  average  annual  cost 
of  hurricane  damage  has  occurred  in  less  than  50  years  (Gentry,  1966).  The  current 
practice  of  constructing  valuable  buildings  in  vulnerable  areas  indicates  that  hurricane 
damage  costs  will  continue  to  increase.  Hurricane  Betsy  of  1965  alone  caused  more 
than  1.4  thousand  million  dollars  in  damage.  If  the  United  States  continues  to 
support  hurricane  modification  research  at  the  present  rate  for  the  next  ten  years 
and  if  by  that  time  we  modify  just  one  severe  hurricane,  such  as  Betsy,  sufficiently 
to  reduce  its  damage  by  only  10  per  cent,  the  nation  will  obtain  more  than  1,000  per 
cent  return  on  its  investment.  Similarly,  if  within  ten  years  we  can  reduce  the  damage 
caused  by  such  a  storm  by  only  one  per  cent,  the  nation  will  have  a  100  per  cent 
return  on  its  investment.  The  benefits  in  terms  of  prevention  of  human  suffering 
throughout  the  world  are,  of  course,  incalculable. 


Note:  Dr.  Gentry  is  director  of  Project  Stormjury  at  the  National  Hurricane  Research 
Laboratory,  Miami,  Florida,  U.S.A. 
*  See  references  on  p.  154. 
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At  least  two  fundamentals  established  in  recent  years  by  studies  of  tropical 
cyclone  structure  and  maintenance  suggest  possible  avenues  for  beneficial  modifica- 
tion: (1)  an  internal  energy  source  is  necessary  if  a  hurricane  is  to  reach  or  retain 
even  moderate  intensity  —  this  source  is  the  sensible  and  latent  heat  transferred  from 
the  sea  surface  to  the  air  inside  the  storm;  and  (2)  the  energy  for  the  entire  synoptic- 
scale  hurricane  is  released  by  moist  convection  in  highly  organized  convective-scale 
circulations  located  primarily  in  the  eye  wall  and  major  rain  bands.  In  the  first,  we 
find  an  explanation  of  the  observations  that  hurricanes  form  only  over  warm 
tropical  waters  and  begin  dissipating  soon  after  moving  over  either  cool  water  or 
land.  Neither  of  these  provides  a  flux  of  energy  to  the  atmosphere  sufficient  to  keep 
the  storm  at  full  intensity.  In  the  second,  we  find  a  more  rational  explanation  of  the 
low  percentage  of  tropical  disturbances  that  become  of  hurricane  intensity.  If  a 
warm  sea  with  its  large  reservoir  of  energy  were  the  only  requirements,  we  would 
have  five  to  ten  times  as  many  hurricanes  as  normally  form.  During  the  1967  and 
1968  hurricane  seasons  130  tropical  waves  were  tracKed  in  the  Atlantic  and  adjacent 
areas  where  sea  surface  temperatures  were  warm  enough  for  hurricane  genesis,  but 
only  13  of  the  areas  developed  storms  of  full  hurricane  intensity  (Simpson  et  al.,  1968 
and  1969).  If,  however,  there  are  only  a  limited  number  of  ways  in  which  the 
convective  and  synoptic  scales  can  interact  to  achieve  optimum  utilization  of  the 
energy  flowing  upward  from  the  ocean,  then  it  is  not  surprising  that  few  tropical 
disturbances  intensify  and  become  hurricanes. 

Both  of  the  above  findings  suggest  possible  field  experiments  which  may 
beneficially  modify  a  hurricane.  On  the  basis  of  the  first,  we  may  attempt  to  reduce 
the  flux  of  energy  from  the  sea  surface  to  the  atmosphere,  probably  through  attempts 
to  inhibit  evaporation.  On  the  basis  of  the  second,  we  may  try  to  modify  the  release 
of  latent  heat  in  the  small  portion  (one  to  five  per  cent)  of  the  total  storm  occupied 
by  the  organized  active  convective-scale  motions  in  a  manner  that  redistributes 
heating  to  produce  a  weakening  of  the  storm.  The  logistics  and  scientific  feasibility 
of  both  types  of  field  experiment  will  be  discussed. 

Can  the  scientific  feasibility  of  such  experiments  be  investigated  by  simulating 
them  with  the  theoretical  mathematical  models  developed  within  the  last  few  years  ? 
Researchers  in  ESSA  and  at  a  number  of  universities  have  been  developing  numerical 
models  to  portray  the  life  cycle  of  tropical  cyclones  (Ooyama,  1969;  Rosenthal,  1968; 
Yamasaki,  1968;  and  Kuo,  1965).  These  models  show  that  hurricanes  are  sensitive 
to  the  sea-surface  temperature  and  the  heat  flux  from  the  ocean  to  the  air  (Ooyama, 
1969)  as  well  as  to  the  vertical  distribution  of  the  latent-heat  release  (Rosenthal  and 
Koss,  1968;  Yamasaki,  1968).  Current  models  are  capable,  however,  of  simulating 
only  an  axially-symmetric  cyclone  with  rather  limited  vertical  resolution.  They  para- 
meterize in  a  relatively  simple  fashion  the  effect  of  air-sea  interaction  and  the  transfer 
of  energy  by  cumulus  convection.  They  cannot  predict  the  effects  on  storm  motion  of 
artificial  intervention.  More  sophisticated  models  to  eliminate  many  of  these 
restrictions  are  being  formulated. 

Even  though  the  developers  do  not  consider  that  their  current  models  simulate 
nature  sufficiently  to  be  used  for  evaluating  proposed  modification  experiments,  great 
progress  has  been  made  in  this  field  in  recent  years.  Two  of  the  more  advanced  models 
have  been  used  to  run  simple  experiments,  the  results  of  which  suggest  modification 
attempts  for  the  two  approaches  mentioned  above,  namely:  (1)  reducing  the  rate 
of  heat  transfer  from  the  ocean  to  the  atmosphere;  or  (2)  altering  physical  processes 
in  convective  clouds  to  effect  changes  in  the  interaction  between  the  convection  and 
synoptic  scales. 

147 


Modification  of  rale  of  heat  transfer  from  ocean  to  atmosphere 

The  fifst  dynamical-numerical  model  that  simulated  many  of  the  features  of 
a  hurricane  (Ooyama,  1969)  indicated  that  the  intensity  of  the  hurricane  varied 
directly  with  the  rate  of  transfer  of  heat  from  the  ocean  to  the  air  inside  the 
hurricane.  This  indication  is  alsc  given  by  earlier  empirical  budget  calculations 
(Palmen  and  Riehl,  1957)  and  theoretical  and  experimental  studies  (Miller,  1964). 
They  all  suggest  that  hurricane  intensity  would  be  substantially  reduced  if  the  flux 
of  sensible  and/or  latent  heat  from  the  ocean  to  the  storm  circulation  could  be 
significantly  lowered.  In  particular,  the  intensity  would  be  lessened  if  evaporation 
from  the  ocean  could  be  inhibited. 

Projects  for  reducing  evaporation  from  a  water  surface  have  been  conducted 
in  many  water-deficient  regions  of  the  world.  Successful  experimenters  have  used 
a  monomolecular  film  that  can  be  developed  from  fatty  alcohol  compound^..  One 
of  the  better-documented  experiments  was  at  Lake  Hefner,  Oklahoma  (Bean  and 
Florey,  1968),  where  a  58  per  cent  reduction  in  evaporation  was  effected  by  the 
monolayer  during  a  three-day  test  period.  In  all  known  experiments,  however,  the 
film  has  broken  when  the  winds  exceeded  a  critical  level,  for  example,  25  knots  or 
less.  To  be  effective  in  modifying  a  hurricane,  the  film  would  need  to  be  used  where 
surface  winds  greatly  exceed  30  knots;  thus,  development  work  may  be  needed  to 
provide  more  durable  films  for  the  ocean  surface  and  to  study  the  effect  the  film  may 
have  on  evaporation  of  droplets  or  spray. 

Use  of  such  monofilms  to  inhibit  evaporation  beneath  a  hurricane  introduces 
large  problems  in  logistics.  To  spread  the  film  over  an  area  the  size  of  a  typical 
moderately  intense  hurricane  could  require  more  than  50  cargo-type  aircraft  and 
chemicals  worth  about  US  $500,000.  If,  as  is  probable,  the  film  blew  away  from  the 
storm,  additional  chemicals  should  be  spread  for  as  long  as  the  film  was  required. 
This  is  obviously  too  great  an  expense  and  effort  to  consider  unless  the  film  will  be 
effective  in  reducing  the  intensity  of  the  storm  significantly.  On  the  other  hand,  this 
would  be  a  small  price  to  pay  for  modifying  an  intense  hurricane  poised  to  devastate 
a  densely  populated  coast.  Results  from  theoretical  models  suggest  that  this  approach 
offers  great  promise  if  evaporation  from  the  ocean  surface  can  be  sufficiently 
decreased.  We  should  therefore  encourage  investigations  aimed  at  developing  better 
means  for  diminishing  the  evaporation.  In  addition,  we  need  to  learn  more  about  the 
properties  of  films  that  have  already  been  used.  We  do  not  know,  for  example,  to 
what  extent  the  films  retain  their  evaporation-inhibitory  powers  after  being  broken 
by  high  waves.  We  should  conduct  feasibility  experiments  to  verify  that  they  will 
work  in  salt  water  (they  have  been  used  primarily  in  fresh  water),  to  determine  at 
what  rate  their  effectiveness  decreases  with  increasing  wind  speed,  and  to  confirm 
that  they  have  no  undesirable  side  effects.  Much  of  this  work  can  be  done  in  a 
laboratory.  In  view  of  engineering  technology,  expense  and  forbidding  logistics 
at  this  time,  one  cannot  justify  full-scale  field  experimentation  that  aims  to  reduce 
sea-air  fluxes  in  a  hurricane.  Vigorous  pursuit  of  these  possibilities  should  be 
encouraged. 

There  is  strong  evidence  that  other  factors  act  as  regulators  on  the  storm's 
intensity.  The  rate  of  heat  transfer  from  the  ocean  to  the  atmosphere  is  a  function 
of  several  items,  including  wind  speed,  air  temperature,  relative  humidity  and  sea 
temperature.  If  the  air  temperature  and  humidity  are  relatively  high,  heat  transfer 
will  be  slow,  but  then  the  air  flowing  into  the  storm  already  contains  the  sensible 
and  latent  heat  necessary  to  fuel  an  intense  hurricane.  Once  the  winds  are  strong,  the 
sea  temperature  is  the  critical   parameter  related  to  sea-air  heat   transfer  processes 
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that  controls  the  storm  intensity.  Figure  1  relates  the  maximum  intensity  of  several 
tropical  cyclones  to  the  temperatures  of  the  sea  beneath  them  and  shows  that  both 
severe  and  weak  tropical  cyclones  occur  when  ocean  temperatures  are  relatively 
high.  This  suggests  that  variations  in  parameters  other  than  the  transfer  of  heat 
from  the  ocean  to  the  atmosphere  also  influence  the  storm's  intensity,  which  leads  us 
to  consider  our  second  approach  suggested  for  hurricane  modification. 

Modification  of  the  physical  processes  in  convective  clouds 

Observations  clearly  reveal  that  the  physical  processes  essential  for  maintaining 
the  hurricane  as  a  coherent  weather  system  occur  in  concentrated  regions  of  intense 
cumulus  convection  in  the  eye  wall  and  the  principal  rain  bands.    Even  within  the 
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Figure  1 .  —  Relation  of  minimum  sea-level  pressures  in  tropical  cyclones  to  sea  temperatures 
(each  dot  represents  relation  for  an  individual  storm  selected  from  1955-67  seasons) 

wall  cloud,  major  convective  elements  are  not  uniformly  distributed  and  may  often 
be  restricted  to  a  single  quadrant.  They  usually  occupy  less  than  five  per  cent  of 
the  total  storm  volume  and  in  some  cases,  less  than  one  per  cent.  They  are  located 
in  the  wall  clouds  and  principal  rain  bands,  which  can  be  identified  easily  by  radar. 

Convective-scale  processes  essential  to  the  energy  balance  of  the  hurricane  scale 
are  the  releases  of  latent  energy  associated  with  phase  changes  of  water  substance 
(from  water  vapour  to  droplets  and  to  ice  crystals).  Such  processes  have  been 
modified  in  individual  tropical  cumulus  clouds  by  artificial  nucleation  (Simpson  et  al., 
,1967).  We  need  to  learn  more  about  the  mechanisms  by  which  energy  releases  on 
this  small  cumulus  scale  are  systematically  organized  to  maintain  the  larger-scale 
hurricane. 

Full-scale  experiments  to  modify  natural  convective  processes  in  hurricanes  by 
cloud  seeding  with  artificial  freezing  nuclei  are  indeed  logistically  feasible.  A  limited 
number  have  already  been  performed  by  the  Stormfury  group  in  1961  and  1963 
(Simpson  and  Malkus,  1964),  and  recent  developments  in  pyrotechnics  make  it  even 
more  feasible  to  carry  out  massive  seeding  of  hurricane  clouds.  Furthermore,  reason- 
able qualitative  arguments  indicate  that  modification  of  the  convective-scale  processes 
might  result  in  some  changes  of  the  temperature  field  —  and  possibly  of  the  macro- 
structure  of  the  hurricane. 
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Since  numerical  models  of  hurricanes  are  now  reproducing  many  features  of 
the  life  cycle  of  tropical  cyclones  with  considerable  reliability,  we  might  ask  what 
is  said  about  the  chance  of  modifying  a  hurricane  by  altering  the  convective  pro- 
cesses. The  developers  of  these  models  do  not  believe  they  sufficiently  simulate 
nature  to  give  definite  answers  to  such  questions.  We  are,  however,  using  the  seven- 
level  primitive  equation  model  developed  by  Dr.  S.  Rosenthal  (1969)  at  the  National 
Hurricane  Research  Laboratory  to  get  information  for  improving  the  design  of  the 
field  experiments.  In  experimental  seeding  of  the  wall  cloud  of  hurricanes  in  1961 
anQ  1963  in  the  Project  Storm  fury  group,  freezing  nuclei  were  introduced  along  a 
line  perpendicular  to  the  eye  wall  from  just  inside  the  radius  of  maximum  winds 
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Figure  2.  —  Maximum  surface  wind  versus  time  —  one  simulated  seeding  at  to  +  60  minutes 
(plotted  from  data  at  10-minute  intervals;  to  =  177.9  hours).  The  dotted  line  represents  results 
from  the  unmodified  model  (Rosenthal,  1969);  the  dashed  line  gives  results  of  the  simulated 
seeding  across  the  radius  of  maximum  winds;  and  the  solid  line  gives  results  of  the  simulated 
seeding  outside  the  radius  of  maximum  winds.    (Dashed  and  solid  lines  based  on  unpublished 

work  of  Stanley  L.  Rosenthal) 

outward  for  several  miles.  Later  research  suggested  that  better  results  might  be 
obtained  by  seeding  outside  the  radius  of  maximum  winds.  Rosenthal's  model  was 
used  to  simulate  the  seeding  experiment  on  two  different  circular  bands  by  increasing 
the  heating  function  at  500  mb  and  300  mb  by  2°C  per  30  minutes  for  30  minutes. 
When  the  maximum  winds  were  35  km  from  the  centre,  two  bands,  30-50  km  and 
50-70  km,  were  selected  for  simulated  seeding  in  experiments  run  on  the  computer 
with  the  model  hurricane.  One  band  spanned  the  radius  of  maximum  winds,  the 
other  was  outside  that  radius.  The  results  of  the  two  simulations  are  compared  in 
Figure  2.  The  inference  is  that  the  greatest  reduction  in  maximum  intensity  can  be 
accomplished  by  seeding  outside  the  radius  of  maximum  winds. 

The  results  from  these  experiments  (Figure  2)  can  be  interpreted  to  mean  either 
that  the  seeding  would  cause  a  temporary  reduction  in  intensity  of  the  storm  or  that  the 
seeding  would  cause  a  change  in  phase  of  the  quasi-i:)eriodic  variation  of  the  maximum 
winds  generated  by  the  model.  To  the  extent  that  the  results  indicate  a  change  in 
the  storm's  intensity,  they  indicate  that  it  would  decrease.  The  potential  benefit 
of  hurricane  modification  to  cost  ratio  is  so  great  that  even  the  small  decrease  in 
intensity  suggested  by  the  experimental  results  in  Figure  2  would  be  worth  while 
These  results  can  hardly  be  considered  as  the  final  answer.  Since  neither  this  model 
nor  those  of  any  of  the  other  investigators  are  sufficiently  advanced  to  simulate  these 
cloud-seeding  experiments  adequately,  a  field  programme  is  the  only  method 
currendy  available  for  determining  whether  modification  of  the  convective  processes 
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will  result  in  a  quantitatively  significant  and  beneficial  change  in  the  hurricane. 
Recent  theoretical  work  in  hurricane  modelling  has  shown  sufficient  promise  to 
warrant  the  hope  of  skilful  computer  simulation  of  these  field  experiments  within  the 
next  few  years.  Now  the  best  procedure  is  to  use  models  for  improving  the  design 
of  field  experiments  and  to  use  the  results  from  the  latter  as  a  feed-back  to  support 
further  improvement  in  the  models. 

Some  individual  tropical  cumulus  experiments  have  already  been  made,  such 
as  modification  of  cumulus  clouds  during  periods  of  typical  tropical  conditions,  by 
J.  Simpson  and  her  collaborators,  who  have  also  developed  a  numerical  model  that 
predicts  how  high  individual  cumulus  clouds  will  grow  under  natural  and  seeded 
conditions  (Simpson  et  al.,  1967).  Using  mean  hurricane  soundings  (Sheets,  1969), 
we  have  made  computations  with  the  Simpson  cumulus  model  to  determine  the 
seedability  of  hurricane  clouds.  With  reasonable  assumptions  about  cloud  bases  and 
diameters,  the  computations  showed  that  hurricane  clouds  should  grow  after  seeding 
just  as  many  of  the  individual  seeded  tropical  cumulus.  The  amount  of  growth  in 
the  hurricane  clouds  that  could  be  attributed  to  seeding  varied  directly  with  the 
radius,  that  is,  the  closer  to  the  centre  of  the  hurricane,  the  less  additional  growth 
should  be  expected  from  the  seeding. 

Proposed  programme  for  Stormfury 

Earlier  hurricane  modification  experiments  (Simpson  and  Malkus,  1964)  and  the 
more  recent  research  suggest  that  hurricanes  may  be  modified  by  seeding  the  clouds 
with  freezing  nuclei.  Some  recent  research  suggests  that  more  favourable  results  may 
be  obtained  by  modifications  of  original  experimental  designs.  Some  people  have 
proposed  seeding  in  a  different  area  of  the  storm,  seeding  the  storm  at  a  different 
stage  of  development,  or  seeding  rain  bands  in  areas  where  growth  of  the  clouds  might 
serve  to  divert  some  of  the  energy  from  the  main  centre. 

The  first  urgent  task  of  Stormfury  and  one  of  its  goals  is  gathering  of  data  from 
additional  tropical  cyclones  about  the  structure  of  cumulus  convection  to  determine 
how  often,  to  what  extent,  and  under  what  conditions  a  valid  physical  basis  exists 
in  tropical  cyclones  for  cloud  modification  by  introduction  of  freezing  nuclei.  This 
task  requires  more  measurements  of  liquid-water  content,  cloud  drop-size  distributions, 
precipitation  characteristics,  composition  (ice  and  liquid  phases),  temperature,  and 
vertical  motion  in  the  eye  wall,  in  the  rain  bands,  and  in  the  non-precipitating  cloud 
bands  associated  with  both  young  and  mature  disturbances. 

In  1968,  we  recorded  the  first  data  collected  in  a  hurricane  at  a  level  above  the 
0°C  isotherm  of  the  drop-size  distribution  and  the  phase  of  H2O.  In  three  passes 
along  a  rain  band  in  hurricane  Gladys  at  temperatures  of  — 5°C  to  — 8°C,  the 
Formvar  Replicator  data  showed  that  only  water  drops  were  present  in  most  of  the 
clouds.  This  is  excellent  support  for  the  hurricane  seeding  modification  hypotheses, 
but  measurements  are  needed  from  more  tropical  cyclones.  We  have  some  measure- 
ments of  liquid-water  content  but,  again,  data  from  more  storms  are  needed  to 
determine  frequency  and  under  what  conditions  sufficient  raw  material  (super- 
cooled water)  is  available  for  seeding.  ESSA  research  aircraft  are  now  equipped  to 
measure  many  of  the  desired  cloud  physics  parameters  and  efforts  are  continuing 
to  improve  instrumentation.  In  addition,  we  are  seeking  a  cloud  physicist  to  work  in 
the  project  to  assist  in  the  collection  and  interpretation  of  these  data. 

Second,  Stormfury  must  determine  the  physical  effects  of  various  kinds  of 
seeding   treatment   on   the   clouds  associated   with   tropical  weather   systems.    This 
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includes  the  complete  spectrum  of  cloud  systems;  groupings  of  individual  cumulus 
clouds;  cloud  bands;  cloud  structures  associated  with  disturhances,  such  as  easterly 
waves;  inner  and  outer  rain  bands;  and  the  eye-wall  clouds. 

To  achieve  these  first  two  listed  goals,  Stormjury  should  use  every  opportunity 
to  seed  and  observe  convective  cloud  systems  over  tropical  oceans.  Disturbances  in 
all  stages  of  development  are  suitable  targets  for  seeding  provided  that  proper 
measurements  of  the  cloud  structure  are  made  before  and  after  seeding.  Aircraft 
available  to  the  project  are  equipped  to  make  such  measurements,  and  every  effort 
is  being  made  to  improve  instrumentation,  observing  techniques,  and  training  of 
personnel  to  obtain  more  accurate  and  dependable  measurements.  Observations  of 
the  variations  in  non-seeded  clouds  near  seeded  ones  are  also  of  great  interest. 

Third,  Stonnfiiry  must  press  on  with  general  hurricane  research.  Efforts  to 
develop  improved  theoretical  models  should  be  accelerated.  Efforts  to  learn  more 
about  the  structure  and  energy  exchange  processes  in  hurricanes  should  be  continued 
by  means  of  well-designed  observational  and  analytical  programmes.  Conditions  or 
locations  in  the  storm,  if  any,  where  a  modified  hurricane  rain  band  might  cause  a 
hurricane  to  weaken  or  to  change  course  must  be  known. 

A  difficulty  in  interpreting  results  of  a  hurricane  modification  experiment  is 
the  lack  of  suitable  controls.  This  problem  is  accentuated  by  the  large  natural 
variability  of  hurricanes  and  the  few  opportunities  we  have  for  experimenting  with 
mature  hurricanes.  If  the  changes  wrought  in  a  hurricane  by  a  seeding  experiment 
were  of  the  magnitude  indicated  in  Figure  2,  the  project  aircraft  could  measure 
those  changes,  but  there  would  still  be  the  question  whether  they  were  due  to  the 
action  of  the  artificial  freezing  nuclei. 

In  research  flights  of  recent  years,  we  have  developed  measuring  techniques  and 
ways  of  grouping  the  data  that  help  to  filter  the  natural  variations  associated  with  the 
microscale  features  of  the  hurricane,  making  it  easier  to  identify  trends  in  hurricane 
intensity  in  a  shorter  time.  The  project  aircraft  are  now  equipped  to  measure  changes 
in  the  structure  and  size  of  the  clouds;  to  record  changes  in  temperature,  pressure 
and  winds  in  and  near  the  seeded  clouds;  and  to  record  the  changes  in  phase  of  the 
water  substance  and  the  amounts  of  liquid  and  total  water  content.  Efforts  to 
improve  these  latter  measurements  and  to  add  recordings  of  the  vertical  wind 
components  continue.  By  designing  flight  patterns  to  obtain  measurements  both  before 
and  after  the  seeding,  it  should  be  possible  to  determine  whether  changes  in  parameters 
occur  in  the  right  sequence  and  at  approximately  the  right  time  intervals  to  have 
been  caused  by  the  seeding.  In  addition,  measurements  can  be  made  of  changes  in 
the  hurricane  on  synoptic  and  convective  scales  to  determine  whether  these  changes 
are  in  accordance  with  indications  from  the  various  theoretical  models. 

The  field  programme  planned  for  the  1969  and  successive  hurricane  seasons  is 
based  not  only  on  the  foregoing  considerations  but  also  on  available  resources.  The 
plans  call  for:  (1)  seeding  of  the  clouds  around  a  hurricane  eye  wall  five  times  during 
a  period  of  eight  hours;  (2)  seeding  of  hurricane  rain  bands;  (3)  seeding  of  cloud 
lines  in  the  tropics  not  associated  with  hurricanes  or  tropical  storms;  (4)  intensifica- 
tion of  efforts  to  collect  data  discussed  in  earlier  paragraphs;  (,'^)  feasibility  of  labora- 
tory experiments  on  the  use  of  monofilms  to  reduce  evaporation  from  the  sea  surface; 
and  (6)  increased  research  on  models  to  simulate  hurricanes  and  to  predict  their 
behaviour. 

Seeding  of  clouds  in  hurricanes  will  be  restricted  to  those  storms  predicted  to 
remain  at  sea  at  least  for  24  hours  after  the  seeding.    This  will  simplify  collecting 
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data  to  evaluate  the  results  and  give  time  for  any  storm  selected  for  experiment  to 
return  to  its  natural  state  before  it  strikes  a  populated  land  area. 

It  is  hoped  there  will  be  opportunities  to  repeat  each  of  the  three  seeding 
experiments  more  than  once.  The  objectives  of  the  first  experiment  are  to  determine 
whether:  (1)  cumuli  in  the  major  convective  regions  of  hurricanes  will  react  to 
seeding  in  as  predictable  a  manner  as  individual  cumuli;  (2)  the  reaction  of  the 
macrostructure  will  be  significant  and  along  the  lines  suggested  by  qualitative 
reasoning  and  by  simple  experiments  performed  on  the  computer  with  the  numerical 
models;  (3)  responses  to  single  seedings  are  periodic  and  in  phase  with  repetitive 
seedings;  and  (4)  responses  to  repetitive  seeding  are  accumulative.   To  obtain  help  in 


Figure  3.  —  A  schematic  cross-section  of  a  hurricane  showing  the  location  of  the  eye-wall  clouds 
and  the  rain  bands.  The  pyrotechnics  producing  the  freezing  nuclei  are  dropped  into  the  clouds 
at  levels  with  temperatures  between  —  15°C  and  —  30°C.  They  fall  as  the  material  burns  and 
continue  to  distribute  the  nuclei  down  to  the  0°C  to  — 4°C  layer  (1  =  ice;  2  =  ice  +  water; 

3  =  water) 


the  evaluation  of  the  experimental  results,  sufficient  measurements  will  be  made  of 
conditions  in  the  seeded  clouds  to  determine  if  changes  in  phase  of  water  substance, 
temperature,  pressure  and  wind  occur  in  the  proper  sequence  to  have  been  caused 
by  the  seeding. 

The  objectives  of  the  second  and  third  experiments  are  to  determine:  (1)  under 
what  conditions  the  life  cycle  of  cumulus  convection  cloud  systems  can  be  altered  by 
man;  (2)  whether  the  reaction  to  seeding  of  larger  systems  of  cumuli  is  similar  to 
that  found  in  individual  cumuli;  (3)  to  what  extent  models  of  individual  clouds  can 
be  used  for  predicting  the  reaction  of  a  cloud  system  to  seeding;  and  (4)  what  effect 
changes  in  modified  clouds  have  on  nearby  clouds  in  the  same  line  or  band,  and  on 
clouds  in  adjacent  lines  or  bands.  When  possible,  controls  (clouds,  cloud  lines  or  rain 
bands)  will  be  observed  simultaneously  with  the  seeded  clouds  and  statistical  tech- 
niques will  be  used  in  evaluating  results  when  appropriate  and  feasible. 

It  should  be  emphasized,  however,  that  Project  Stormfury  is  not  a  controlled 
experiment  entirely  amenable  to  statistical  evaluation.  The  low  frequency  of 
occurrence  of  hurricanes  as  experimental  targets  precludes  the  accumulation  of  a 
large  body  of  test  data  in  a  short  time  and  application  of  statistical  methods  for 
testing  of  the  complete  hypothesis.    The  project  is  still  exploratory,  and  is  aimed  at 
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a  better  physical  understanding  of  the  dynamics  of  hurricanes,  in  addition  to  eventual 
modification  of  a  storm.  The  theoretically  possible  potential  benefits  are  so  great 
compared  to  the  experimental  costs  that  the  artificial  modification  of  tropical  cyclones 
is  a  justifiable  scientific  pursuit  and  could  be  of  great  importance  for  mankind. 
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Abstract- 
Project  STORMFURY  is  a  project  of  Commerce  and 
Defense  for  experimenting  at  modification  of  hurricanes. 
Justification  for  the  work  is  based  on  recent  discoveries 
about  hurricanes  and  the  high  potential  benefit  to  cost 
ratio  of  the  experiments.  Evidence  is  presented  that 
two  approaches  for  modification  should  be  considered: 
1)  seeding  of  clouds,  and  2)  inhibiting  evaporation  from 
the  ocean.  The  scientific  aspects  and  logistic  problems 
of  both  approaches  are  reviewed.  The  Program  and 
goals  of  Project  STORMFURY  are  discussed. 

1.  Introduction 

Project  STORMFURY  is  a  cooperative  venture  of  the 
Department  of  Commerce,  ESSA,  and  the  Department 
of  Defense,  U.  S.  Navy.  Its  objective  is  to  determine  to 
what  extent  man  can  beneficially  alter  tropical  cyclones 
including,  of  course,  hurricanes  (Gentry  and  Edelstein, 
1968).  The  Project  was  formally  organized  in  1962  after 
the  same  groups  had  attempted  modification  of  hurri- 
cane Esther  in  1961  with  encouraging  if  inconclusive 
results.  They  later  conducted  modification  experiments 
on  hurricane  Beulah  in  1963  with  similar  results.  Since 
then,  researchers  have  greatly  expanded  our  knowledge 
of  the  structure  and  energy  processes  of  hurricanes  and 
of  the  convective  processes  in  tropical  clouds.  Better  in- 
strumentation and  techniques  for  counting  freezing  nu- 
clei and  measuring  liquid  and  solid  water  content  of 
clouds  and  other  parameters  have  become  available. 
Theoretical  models  of  the  synoptic  scale  features  of  a 
hurricane  and  of  the  microscale  cumulus  convective  ele- 
ments found  in  hurricanes  have  been  greatly  improved. 
As  a  result  of  these  developments  the  emphasis  and  ex- 
perimental design  have  gradually  evolved  for  Project 
STORMFURY.  It  seems  pertinent,  therefore,  to  sum- 
marize the  program  and  the  current  status  of  the  Project. 

In  this  paper  we  will  list  the  reasons  for  having  such 
a  project,  explain  its  goals,  describe  approaches  being 
considered,  and  outline  the  research  program  proposed 
for  the  next  2  to  5  years. 

Two  general  considerations  justify  Project  STORM- 
FURY: 1)  recent  improvements  in  our  understanding  of 
the  physical  processes  fundamental  to  the  maintenance 
of  hurricanes  suggest  promising  avenues  of  experimenta- 
tion,   and   2)    enormous   rewards   can   be   derived   from 


even  a  slight  degree  of  beneficial  modification.  The  first 
will  be  elaborated  in  later  sections;  the  second  may  be 
illustrated  by  the  following  rough  "cost-benefit"  analysis. 

Hurricanes  caused  an  average  annual  damage  in  the 
United  States  of  13  million  dollars  between  1915  and 
1924.  By  the  period  1959  to  1968,  this  figure  had  jumped 
to  295  million  dollars.  Even  after  considering  the  in- 
flated cost  of  construction  in  more  recent  years,  a  475% 
increase  in  the  average  annual  cost  of  hurricane  damage 
has  occurred  in  less  than  50  years  (Gentry,  1966).  The 
current  practice  of  constructing  valuable  buildings  in 
vulnerable  areas  indicates  that  hurricane  damage  costs 
will  continue  to  increase.  Hurricane  Betsy  of  1965  alone 
caused  more  than  1.4  billion  dollars  in  damage.  If  the 
United  States  continues  supporting  hurricane  modifica- 
tion research  at  the  present  rate  for  the  next  10  years 
and  if  by  that  time  we  modify  just  one  severe  hurricane, 
such  as  Betsy,  sufficiently  to  reduce  its  damage  by  only 
10%,  the  nation  will  obtain  more  than  1000%  return 
on  its  investment.  Similarly,  if  within  10  years  we  can 
reduce  the  damage  caused  by  such  a  storm  by  only  1%, 
the  nation  will  have  a  100%  return  on  its  investment. 
The  benefits  in  terms  ot  prevention  of  human  suffering 
are,  of  course,  incalculable. 

At  least  two  fundamentals  established  in  recent  years 
by  studies  of  hurricane  structure  and  maintenance  sug- 
gest possible  avenues  for  beneficial  modification;  1)  an 
internal  energy  source  is  necessary  if  a  hurricane  is  to 
reach  or  retain  even  moderate  intensity;  this  source  is 
the  sensible  and  latent  heat  transferred  from  the  sea 
surface  to  the  air  inside  the  storm,  and  2)  the  energy 
for  the  entire  synoptic-scale  hurricane  is  released  by 
moist  convection  in  highly  organized  convective  scale  cir- 
culations located  primarily  in  the  eyewall  and  major  rain 
bands.  In  the  first,  we  find  an  explanation  of  the  ob- 
servations that  hurricanes  form  only  over  warm  tropical 
waters  and  begin  dissipating  soon  after  moving  over 
either  cool  water  or  land.  Neither  of  these  provides  a 
flux  of  energy  to  the  atmosphere  sufficient  to  keep  the 
storm  at  full  intensity.  In  the  second,  we  find  a  more 
rational  explanation  of  the  low  percentage  of  tropical 
disturbances  that  become  hurricanes.  If  a  warm  sea 
with  its  large  reservoir  of  energy  were  the  only  require- 
ments, we  would  have  5  to  10  times  as  many  hurricanes 
as  normally  form.  During  the  1967  and  1968  hurricane 
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seasons  130  tropical  waves  were  tracked  in  the  Atlantic 
and  adjacent  areas  where  sea  surface  temperatures  were 
warm  enough  for  hurricane  genesis,  but  only  13  of  the 
areas  developed  storms  of  full  hurricane  intensity  (Simp- 
son et  al.,  1968  and  1969).  If,  however,  there  are  only  a 
limited  number  of  ways  in  which  the  convective  and 
synoptic  scales  can  interact  to  achieve  optimum  utiliza- 
tion of  the  energy  flowing  upward  from  the  ocean,  then 
it  is  not  surprising  that  few  tropical  disturbances  in- 
tensify and  become  hurricanes. 

Both  of  the  above  findings  suggest  possible  field  ex- 
periments which  may  beneficially  modify  a  hurricane. 
On  the  basis  of  the  first,  we  may  attempt  to  reduce  the 
flux  of  energy  from  the  sea  surface  to  the  atmosphere, 
probably  through  attempts  to  inhibit  evaporation.  On 
the  basis  of  the  second,  we  may  try  to  modify  the  release 
of  latent  heat  in  the  small  portion  (1  to  5%)  of  the  total 
storm  occupied  by  the  organized  active  convective-scale 
motions  in  a  manner  that  redistributes  heating  to  pro- 
duce a  weakem'ng  of  the  storm.  The  logistics  and  scien- 
tific feasibility  of  both  typies  of  field  experiments  will  be 
discussed. 

Can  the  scientific  feasibility  of  such  experiments  be 
investigated  by  simulating  them  with  the  theoretical 
mathematical  models  developed  within  the  last  few 
years?  Researchers  in  ESSA  and  at  a  number  of  univer- 
sities have  been  developing  numerical  models  to  portray 
the  life  cycle  of  tropical  cyclones  (Ooyama,  1969;  Rosen- 
thal, 1969;  Vamasaki,  1968;  and  Kuo,  1965).  These  mod- 
els show  that  hurricanes  are  sensitive  to  the  sea  surface 
temperature  and  the  heat  flux  from  the  ocean  to  the  air 
(Ooyama,  1969)  as  well  as  to  the  vertical  distribution  of 
the  latent-heat  release  (Rosenthal  and  Koss,  1968;  Yama- 
saki,  1968).  Current  models  are  capable,  however,  of  sim- 
ulating only  an  axiallysymmetric  cyclone  with  rather 
limited  vertical  resolution.  They  parameterize  in  a  rela- 
tively simple  fashion  the  effect  of  air-sea  interaction  and 
the  transfer  of  energy  by  cumulus  convection.  They  can- 
not predict  the  effects  of  storm  motion  of  artificial  inter- 
vention. More  sophisticated  models  to  eliminate  many 
of  these  restrictions  are  being  formulated. 

Even  though  the  developers  do  not  consider  that  their 
current  models  simulate  nature  sufficiently  to  be  used 
for  evftluating  proposed  modification  experiments,  great 
progress  has  been  made  in  this  field  in  recent  years.  Two 
of  the  more  advanced  models  have  been  used  to  run 
simple  experiments  whose  results  suggest  modification 
attempts  for  the  two  approaclies  mentioned  above,  that 
is:  1)  reducing  the  rate  of  heat  transfer  from  the  ocean 
to  the  atmosphere,  or  2)  altering  physical  processes  in 
convective  clouds  to  effect  changes  in  the  interaction 
between  the  convection  and  synoptic  scales. 

2.  Modification  of  rote  of  heat  transfer  from 

ocean  to  the  atmosphere 
The    first    dynamical-numerical    model    that    simulated 
many  of  the  features  of  a  hurricane  (Ooyama.  1969)  in- 
dicated that   the  intensity  of  the  hurricane  varied  di- 


rectly with  the  rate  of  transfer  of  heat  from  the  ocean 
to  the  air  inside  the  hurricane.  J  his  indication  is  also 
given  by  earlier  empirical  budget  calculations  (Palm<^-n 
and  Riehl,  1957)  and  theoretical  and  experimental  stud- 
ies (Miller,  1964).  They  all  suggest  that  hurricane  in- 
tensity would  be  substantially  reduced  if  the  flux  of 
sensible  and/or  latent  heat  from  the  ocean  to  the  storm 
circulation  could  be  significantly  lowered.  In  particular, 
the  intensity  would  be  lessened  if  evaporation  from  the 
ocean  could  be  inhibited. 

Projects  for  reducing  evaporation  from  a  water  sur- 
face have  been  conducted  in  many  water  deficient  re- 
gions of  the  world.  Successful  experimenters  have  used 
a  monomolecular  film  that  can  be  developed  from  fatty 
alcohol  compounds.  One  of  the  better  documented  ex- 
periments was  at  Lake  Hefner,  Oklahoma  (Bean  and 
Florey,  1968),  where  a  58%  reduction  in  evaporation  was 
effected  by  the  monolayer  during  a  3-day  test  period.  In 
all  known  experiments,  however,  the  film  has  broken 
when  the  winds  exceeded  a  critical  level,  e.g.,  25  knots 
or  less.  To  be  effective  in  modifying  a  hurricane,  the 
film  would  need  to  be  used  where  surface  winds  greatly 
exceed  30  knots;  thus,  development  work  may  be  needed 
to  provide  more  durable  films  for  the  ocean  surface  and 
to  study  the  effect  the  film  may  ha\e  on  evaporation  of 
droplets  or  spray. 

Use  of  such  monofilms  to  inhibit  e\aporation  beneath 
a  hurricane  introduces  large  problems  in  logistics.  To 
spread  the  film  over  an  area  the  size  of  a  typical  mod- 
erately intense  hurricane  could  require  more  than  50 
cargo-type  aircraft  and  chemicals  worth  about  S500,- 
000.00.  If,  as  is  probable,  the  film  blew  away  from  dre 
storm,  additional  chemicals  should  be  spread  for  as 
long  as  the  film  was  required.  This  is  obviously  too 
great  an  expense  and  effort  to  consider  unless  the  film 
will  be  effective  in  reducing  the  intensity  of  Uie  storm 
significantly.  On  the  other  hand,  this  would  be  a  small 
price  to  pay  for  modifving  an  intense  hurricane  poised 
to  devastate  a  densely  populated  coast.  Results  from 
theoretical  models  suggest  that  this  approach  offers  great 
promise  if  evaporation  from  the  ocean  surface  can  be 
sufficiently  decreased.  ^Ve  should,  therefore,  encourage 
investigations  aimed  at  developing  better  means  for 
diminishing  the  evaporation.  In  addition,  we  need  to 
learn  more  about  the  properties  of  films  tliat  have  al- 
ready been  used.  We  do  not  know,  for  example,  to  what 
extent  the  films  retain  their  evaporation  inhibitorv 
powers  after  being  broken  by  high  waves.  AVe  should 
conduct  feasibilitv  experiments  to  verifv  that  thev  will 
work  in  salt  water  (thev  have  been  used  primarilv  in 
fresh  water),  to  determine  what  rate  their  effectiveness 
decreases  with  increasing  wind  speed,  and  to  confirm 
that  diey  have  no  inidesirable  sicfe  effects.  Much  of  this 
work  can  be  done  in  a  laboratorv.  In  view  of  engineer- 
ing technology,  expense  and  forbidding  logistics  at  this 
time  one  cannot  justify  full  scale  field  experimentation 
that  aims  to  reduce  sea-air  fluxes  in  a  hurricane.  \'igorous 
pursuit  of  tliese  possibilities  should  be  encouraged. 
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There  is  strong  evidence  that  other  factors  act  as  regu- 
lators on  the  storm's  intensity.  The  rate  of  heat  transfer 
from  the  ocean  to  the  atmosphere  is  a  function  of  sev- 
eral items,  including  wind  speed,  air  temperature,  rela- 
tive humidity  and  sea  temperature.  If  the  air  tempera- 
ture and  humidity  are  relatively  high,  heat  transfer  will 
be  slow,  but  then  the  air  flowing  into  the  storm  already 
contains  the  sensible  and  latent  heat  necessary  to  fuel 
an  intense  hurricane.  Once  the  winds  are  strong,  the 
sea  temperature  is  the  critical  parameter  related  to  sea- 
air  heat  transfer  processes  that  controls  the  storm  in- 
tensity. Fig.  1  relates  the  maximum  intensity  of  several 
tropical  cyclones  to  the  temperatures  of  the  sea  beneath 
them  and  shows  that  both  severe  and  weak  tropical  cy- 
clones occur  when  ocean  temperatures  are  relatively 
high.  This  suggests  that  variations  in  parameters  other 
than  the  transfer  of  heat  from  the  ocean  to  the  atmo- 
sphere also  influence  the  storm's  intensity  which  leads 
us  to  consider  our  second  approach  suggested  for  hurri- 
cane modification. 

3.  Modification  of  the  physical  processes  in 

convective  clouds 
Observations  clearly  reveal  that  the  physical  processes 
essential  for  maintaining  the  hurricane  as  a  coherent 
weather  system  occur  in  concentrated  regions  of  intense 
cumulus  convection  in  the  eyewall  and  the  principal 
rainbands.  Even  within  the  wall  cloud,  major  convective 
elements  are  not  uniformly  distributed  and  may  often 
be  restricted  to  a  single  quadrant.  They  usually  occupy 
less  than  5%  of  the  total  storm  volume  and,  in  some 
cases,  less  than  1%.  They  are  located  in  the  wall  clouds 
and  principal  rainbands,  which  can  be  identified  easily 
by  radar. 

Convective  scale  processes  essential  to  the  energy  bal- 
ance of  the  hurricane  scale  are  the  releases  of  latent  en- 
ergy associated  with  phase  changes  of  water  substance 
(i.e.,  from  water  vapor  to  droplets  and  to  ice  crystals). 
Such  processes  have  been  modified  in  individual  tropical 
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cumulus  clouds  by  artificial  nucleation  (Simpson  et  al., 
1967).  We  need  to  learn  more  about  the  mechanisms  by 
which  energy  releases  on  this  small  cumulus  scale  are 
systematically  organized  to  maintain  the  larger  scale 
hurricane. 

Full  scale  experiments  to  modify  natural  convective 
processes  in  hurricanes  by  cloud  seeding  with  artificial 
freezing  nuclei  are  indeed  logistically  feasible.  A  lim- 
ited number  have  already  been  performed  by  the 
STORMFURY  group  in  1961  and  1963  (Simpson  and 
Malkus,  1964),  and  recent  developments  in  pyrotechnics 
makes  it  even  more  feasible  to  do  massive  seeding  of 
hurricane  clouds.  Furthermore,  reasonable  qualitative 
arguments  indicate  that  modification  of  the  convective 
scale  processes  might  result  in  some  changes  of  the 
temperature  field — and  possibly  of  the  macrostructure 
of  the  hurricane. 

Since  numerical  models  of  hurricanes  are  now  repro- 
ducing many  features  of  the  life  cycle  of  tropical  cyclones 
with  considerable  reliability,  we  might  ask  what  they  say 
about  the  chance  of  modifying  a  hurricane  by  altering 
the  convective  processes.  The  developers  of  these  mod- 
els do  not  believe  they  sufficiently  simulate  nature  to 
give  definitive  answers  to  such  questions.  We  are,  how- 
ever, using  the  7-level  primitive  equation  model  devel- 
oped by  Rosenthal  (1969)  at  the  National  Hurricane  Re- 
search Laboratory  to  get  information  for  improving  the 
design  of  the  field  experiments.  In  experimental  seeding 
of  the  wall  clouds  of  hurricanes  in  1961  and  1963  in  the 
Project  STORMFURY  group,  freezing  nuclei  were  in- 
troduced along  a  line  perpendicular  to  the  eye  wall  from 
just  inside  the  radius  of  maximum  winds  outward  for 
several  miles.  Later  research  suggested  that  better  results 
might  be  obtained  by  seeding  outside  of  the  radius  of 
maximum  winds.  Rosenthal's  model  was  used  to  simu- 
late the  seeding  experiment  on  two  different  circular 
bands  by  increasing  the  heating  function  at  500  mb 
and  300  mb  by  2C  per  30  minutes  for  30  minutes.  When 
the  maximum  winds  were  35  km  from  the  center,  two 
bands,  30-50  km  and  50-70  km  were  selected  for  simu- 
lated seeding  in  experiments  run  on  the  computer  with 
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Fig.  2.  The  dotted  line  represents  results  from  the  unmodi- 
fied model  (Rosenthal,  1969);  the  dashed  line  gives  results  of 
the  simulated  seeding  across  the  radius  of  maximum  winds; 
and  the  solid  line  gives  results  of  the  simulated  seeding  out- 
side the  radius  of  maximum  winds.  (Dashed  and  solid  lines 
based  on  unpublished  work  of  Stanley  L.  Rosenthal.) 
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the  model  hurricane.  One  band  spanned  the  radius  of 
maximum  winds,  the  other  was  outside  that  radius.  The 
results  of  the  two  simulations  are  compared  in  Fig.  2. 
The  inference  is  that  the  greatest  reduction  in  maximum 
intensity  can  be  accomplished  by  seeding  outside  the 
radius  of  maximum  winds. 

The  results  from  these  experiments  (P^ig.  2)  can  be 
interpreted  to  mean  either  that  the  seeding  would  cause 
a  temporary  reduction  in  intensity  of  the  storm  or  that 
the  seeding  would  cause  a  change  in  phase  of  the  quasi- 
periodic  variation  of  the  maximum  winds  generated  by 
the  model.  To  the  extent  that  the  results  indicate  a 
change  in  the  storm's  intensity,  they  indicate  that  it 
would  decrease.  The  potential  benefit  of  hurricane  modi- 
fication to  cost  ratio  is  so  great  that  even  the  small  de- 
crease in  intensity  suggested  by  the  experimental  results 
in  Fig.  2  would  be  worthwhile.  These  results  can  hardly 
be  considered  as  the  final  answer.  Since  neither  this 
model  nor  those  of  any  of  the  other  investigators  are 
sufficiently  advanced  to  adequately  simulate  tliese  cloud 
seeding  experiments,  a  field  program  is  the  only  method 
currently  available  for  determining  whether  modification 
of  the  convective  processes  will  result  in  a  quantitatively 
significant  and  beneficial  change  in  the  hurricane.  Re- 
cent theoretical  work  in  hurricane  modeling  has  shown 
sufficient  promise  to  warrant  the  hope  of  skillful  com- 
puter simulation  of  these  field  experiments  within  the 
next  few  years.  Now  the  best  procedure  is  to  use  models 
for  improving  the  design  of  field  experiments  and  to 
use  the  results  from  the  latter  as  a  feed-back  to  support 
further  improvement  in  the  models. 

Some  individual  tropical  cumulus  experiments  have 
already  been  made,  such  as  modification  of  cumulus 
clouds  during  periods  of  typical  tropical  conditions,  by 
J.  Simpson  and  her  collaborators,  who  have  also  devel- 
oped a  numerical  model  that  predicts  how  high  individ- 
ual cumulus  clouds  will  grow  under  natural  and  seeded 
conditions  (Simpson  et  at.,  1967).  Using  mean  hurricane 
soundings  (Sheets,  1969),  we  have  made  computations 
with  the  Simpson  cumulus  model  to  determine  the  seed- 
ability  of  hurricane  clouds.  With  reasonable  assumptions 
about  cloud  bases  and  diameters,  the  computations 
showed  that  hurricane  clouds  should  grow  after  seed- 
ing just  as  many  of  die  individual  seeded  tropical  cumu- 
lus. The  amount  of  growth  in  the  hurricane  clouds  that 
could  be  attributed  to  seeding  varied  directly  with  the 
radius,  that  is,  the  closer  to  the  center  of  the  hurricane, 
the  less  additional  growth  that  should  be  expected  from 
the  seeding. 

4.  Proposed  program  for  STORMFURY 

Earlier  hurricane  modification  experiments  (Simpson  and 
Malkus,  1964),  and  the  more  recent  research  suggest  tliat 
hurricanes  may  be  modified  by  seeding  the  clouds  with 
freezing  nuclei.  Some  recent  research  suggests  that  more 
favorable  results  may  be  obtained  by  modifications  of 
original  experimental  designs.  Some  people  have  pro- 
posed seeding  in  a  difterent  area  of  the  storm,  seeding 


the  storm  at  a  different  stage  of  development,  or  seed- 
ing rainbands  in  areas  where  growth  of  the  clouds  might 
serve  to  divert  some  of  the  energy  from  the  main  center. 

The  first  urgent  task  of  STORiMFURY  and  one  of  its 
goals  is  gathering  of  data  from  additional  tropical  cy- 
clones about  the  structure  of  tumulus  convection  to  de- 
termine how  often,  to  what  extent,  and  under  what 
conditions  a  valid  physical  basis  exists  in  tropical  cy- 
clones for  cloud  modification  by  introduction  of  freezing 
nuclei.  This  task  requires  more  measurements  of  liquid- 
water  content,  cloud  drop  size  distributions,  precipita- 
tion characteristics,  composition  (ice  and  liquid  phases), 
temperature,  and  vertical  motion  in  the  eye  wall,  in  the 
rainbands,  and  in  the  nonprecipitating  cloud  bands  asso- 
ciated with  both  young  and  mature  disturbances. 

In  1968,  we  recorded  tlie  first  data  collected  in  a  hur- 
ricane at  a  level  above  OC  isotherm  of  the  drop  size 
distribution  and  the  phase  of  H2O.  In  three  passes  along 
a  rainband  in  hurricane  Gladys  at  temperatures  of  — 5C 
to  — 8C,  the  Formvar  Replicator  data  showed  that  only 
water  drops  were  present  in  most  of  the  clouds.  This  is 
excellent  support  for  the  hurricane  seeding  modification 
hypotheses,  but  measurements  are  needed  from  more 
tropical  cyclones.  We  have  some  measurements  of  liquid- 
water  content,  but,  again,  data  from  more  storms  are 
needed  to  determine  frequency  and  under  what  condi- 
tions that  sufficient  raw  material  (supercooled  water)  is 
available  for  seeding.  ESSA  research  aircraft  are  now 
equipped  to  measure  many  of  the  desired  cloud  physics 
parameters  and  efforts  are  continuing  to  improve  instru- 
mentation. In  addition  we  are  seeking  a  cloud  physicist 
to  work  in  the  Project  to  assist  in  the  collection  and  in- 
terpretation of  these  data. 

Second,  STORMFURY  must  determine  the  plnsiial 
effects  of  various  kinds  of  seeding  treatments  on  die 
clouds  associated  with  tropical  weather  systems.  This 
includes  the  complete  spectrum  of  cloud  systems;  group- 
ings of  individual  cumulus  clouds;  cloud  bands;  cloud 
structures  associated  with  "disturbances,"  such  as  easterly 
waves;  inner  and  outer  rainbands;  and  the  eye  wall 
clouds. 

To  achieve  these  first  two  listed  goals,  STORMFURY 
should  use  every  opportunity  to  seed  and  obscr\e  con- 
vective cloud  systems  over  tropical  oceans.  Disturbances 
in  all  stages  of  development  are  suitable  targets  for 
seeding  provided  that  proper  nieasurenients  of  the 
cloud  structure  are  made  before  and  after  seeding. 
.■\ircraft  available  to  the  STOR.MFl'RY  Project  are 
equipped  to  make  such  measurements,  and  every  effort 
is  being  made  to  improve  instrumentation,  observing 
techniques,  and  training  of  personnel  to  obtain  measure- 
ments more  accurately  and  dependable.  Observations  of 
the  variations  in  nonseeded  cloiuls  near  those  seeded  are 
also  of  great  interest. 

Third,  SFORMFl'RY  must  press  on  with  general  hur- 
ricane research.  Efforts  to  de\elop  improxed  theoretical 
models  should  be  accelerated.  Efforts  to  learn  mvMc 
about   die  structure  and  energy  exchange  processes  in 
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hurricanes  should  be  continued  by  means  of  well  de- 
signed observational  and  analytical  programs.  Conditions 
or  locations  in  the  storm,  if  any,  where  a  modified  hurri- 
cane rainband  might  cause  a  hurricane  to  weaken  or  to 
change  course  must  be  known. 

A  difficulty  in  interpreting  results  of  a  hurricane  modi- 
fication experiment  is  the  lack  of  suitable  controls.  This 
problem  is  accentuated  by  the  large  natural  variability 
of  hurricanes  and  the  few  opportunities  we  have  for 
experimenting  with  mature  hurricanes.  If  the  changes 
wrought  in  a  hurricane  by  a  seeding  experiment  were 
of  the  magnitude  indicated  in  Fig.  2,  the  Project  aircraft 
could  measure  those  changes,  but  there  would  still  be 
the  question  whether  they  were  due  to  the  action  of  the 
artificial  freezing  nuclei? 

In  research  flights  of  recent  years,  we  have  developed 
measuring  techniques  and  ways  of  grouping  the  data 
that  help  to  filter  the  natural  variations  associated  with 
the  microscale  features  of  the  hurricane,  making  it 
easier  to  identify  trends  in  hurricane  intensity  in  a 
shorter  time.  The  Project  aircraft  are  now  equipped  to 
measure  changes  in  the  structure  and  size  of  the  clouds; 
to  record  changes  in  temperature,  pressure  and  winds  in 
and  near  the  seeded  clouds;  and  to  record  the  changes  in 
phase  of  the  water  substance  and  the  amounts  of  liquid 
and  total  water  content.  Efforts  to  improve  these  latter 
measurements  and  to  add  recordings  of  the  vertical  wind 
components  continue.  By  designing  flight  patterns  to 
obtain  measurements  both  before  and  after  the  seeding, 
it  should  be  possible  to  determine  if  changes  in  parame- 
ters occur  in  the  right  sequence  and  at  approximately 
the  right  time  intervals  to  have  been  caused  by  the  seed- 
ing. In  addition,  measurements  can  be  made  of  changes 
in  the  hurricane  on  synoptic  and  convective  scales  to 
determine  if  these  changes  are  in  accordance  with  indi- 
cations from  the  various  theoretical  models. 

The  field  program  planned  for  the  1969  and  successive 
hurricane  seasons  is  based  not  only  on  the  foregoing  con- 
siderations but  also  on  available  resources.  The  plans 
call  for:  1)  seeding  of  the  clouds  around  a  hurricane 
eye  wall  five  times  during  a  period  of  8  hours,  2)  seed- 
ing of  hurricane  rainbands,  3)  seeding  of  cloud  lines  in 
the  tropics  not  associated  with  hurricanes  or  tropical 
storms,  4)  intensification  of  efforts  to  collect  data  dis- 
cussed in  earlier  paragraphs,  5)  feasibility  or  laboratory 
experiments  on  the  use  of  monolilms  to  reduce  evapora- 
tion from  the  sea  surface,  and  6)  increased  research  on 
models  to  simulate  hurricanes  and  to  predict  their 
behavior. 

It  is  hoped  there  will  be  opportunities  to  repeat  each 
of  the  three  seeding  experiments  more  than  once.  The 
objectives  of  the  first  experiment  are  to  determine 
whether:  1)  cumuli  in  the  major  convective  regions  of 
hurricanes  will  react  to  seeding  in  as  predictable  a  man- 
ner as  individual  cumuli,  2)  the  reaction  of  the  macro- 
structure  will  be  significant  and  along  the  lines  sug- 
gested by  qualitative  reasoning  and  by  simple  experi- 
ments performed  on  the  computer  with  the  numerical 


models,  3)  responses  to  single  seedings  are  periodic  and 
in  phase  with  repetitive  seedings,  and  4)  responses  to 
repetitive  seeding  are  accumulative.  To  get  help  in  the 
evaluation  of  the  experimental  results,  sufficient  measure- 
ments will  be  made  of  conditions  in  die  seeded  clouds 
to  determine  if  changes  in  phase  of  water  substance,  tem- 
perature, pressure  and  wind  occur  in  the  proper  se- 
quence to  have  been  caused  by  the  seeding. 

The  objectives  of  the  second  and  third  experiments 
are  to  determine:  i)  under  what  conditions  the  life  cy- 
cle of  cumulus  convection  cloud  systems  can  be  altered 
by  man,  2)  whether  the  reaction  to  seeding  of  larger  sys- 
tems of  cumuli  is  similar  to  that  found  in  individual 
cumuli,  3)  to  what  extent  models  of  individual  clouds 
can  be  used  for  predicting  the  reaction  of  a  cloud  system 
to  seeding,  and  4)  what  effect  changes  in  modified  clouds 
have  on  nearby  clouds  in  the  same  line  or  band,  and  on 
clouds  in  adjacent  lines  or  bands.  When  possible,  controls 
(clouds,  cloud  lines  or  rainbands)  will  be  observed  simul- 
taneously with  the  seeded  clouds  and  statistical  tech- 
niques will  be  used  in  evaluating  results  when  appro- 
priate and  feasible. 

It  should  be  emphasized,  however,  that  Project 
STORMFURY  is  not  a  controlled  experiment  entirely 
amenable  to  statistical  evaluation.  The  low  frequency 
of  occurrence  of  hurricanes  as  experimental  targets  pre- 
cludes the  accumulation  of  a  large  body  of  test  data  in 
a  short  time  and  application  of  statistical  methods  for 
testing  of  the  complete  hypothesis.  The  Project  is  still 
exploratory,  and  is  aimed  at  a  better  physical  under- 
standing of  the  dynamics  of  hurricanes,  in  addition  to 
eventual  modification  of  a  storm.  The  theoretically  pos- 
sible potential  benefits  are  so  great  compared  to  the  ex- 
perimental costs  that  the  artificial  modification  of  tropi- 
cal cyclones  is  a  justifiable  scientific  pursuit  and  could  be 
of  great  importance  for  mankind. 
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NOTE  ON  THE  ACCUMULATED  ERROR  IN  THE  NUMERICAL  INTEGRATION 
OF  A  SIMPLE  FORECAST  MODEL 
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ABSTRACT 

A  linearized,  two-level  forecast  model  with  known  analytic  solution  is  numerically  integrated  to  examine  the 
behavior  of  the  accumulated  error  (truncation  and  machine  word  "round-off"  error).  The  results  indicate  that  for 
linear  models  numerically  integrated  with  centered  differences:  1)  the  ratio  of  space  increment  to  disturbance  wave- 
length that  yields  sufficient  accuracy  in  a  reasonable  amount  of  computation  real  time  is  on  the  order  of  10^'  to  10"'';  2) 
the  largest  time  increment  consistent  with  the  stability  criterion  should  be  used  for  computation  expediency. 

Computations  performed  on  computers  having  different  word  lengths  did  not  yield  significant  differences  in  the 
results  for  this  model  integrated  out  to  7  days. 


1.  INTRODUCTION 

The  stability  and  accuracy  of  various  finite-difference 
approximations  to  differential  equations  encountered  in 
fluid  dynamics  problems  have  been  investigated  by 
various  authors.  The  reader  is  directed  to  the  work  of 
Richtmyer  (1962,  1957),  Fischer  (1965),  Lilly  (1965), 
Kurihara  (1965),  PhilHps  (1960),  Molenkamp  (1968), 
Crowley  (1968),  Kasahara  (1965),  Holton  (1967),  and 
Young  (1968)  for  a  detailed  overview  of  the  difference 
forms  encountered  in  meteorological  problems.  Forsythe 
and  Wasow  (1960)  present  an  excellent  introduction  to 
the  general  mathematical  problem. 

In  this  paper,  we  examine  the  accumulated  error 
incurred  during  the  time  integration  of  a  linearized, 
two-level  forecast  model  that  has  a  known  analytic 
solution.  The  accumulated  error  at  a  given  time  is  defined 
as  the  difference  between  the  analytic  and  the  numerical 
solutions  and  is  produced  by  both  truncation  and  round-off 
(machine  word-size  truncation).  Integrations  were  i)er- 
formed  with  various  values  of  the  space  and  time  incre- 
ments and  with  different  machine  word  lengths  in  order 
to  determine  1)  the  importance  of  varying  At  with  fixed 
As  (providing  the  stability  criterion  is  met)  in  terms  of 
reducing  the  accumulated  error  and  2)  the  relative  effects 
of  truncation  error  versus  round-off  error  in  the  accumu- 
lated error. 

2.  THE  FORECAST  MODEL 

The  numerical  model  forecasts  the  perturbation  wind 
shear  and  geopotential  thickness  for  the  750-  to  250-mb 
layer  over  a  2000-km  square  bounded  on  the  south  by 
the  Equator.  The  analytic  equations  govern  linear,  non- 
viscous,  adiabatic,  quasi-hydrostatic  |3-plane  flow  on  a 
stagnant  base  state.  For  a  detailed  description  of  the 
model,  the  equations,  and  their  solutions,  see  Rosenthal 
(1965)  and  Koss  (1967).  The  vertical  structure  of  the 
model  is  given  in  figure  1.  The  model  equations  are 
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Ht,  Vt  are  the  wind  velocity  components  at  level  k.  (t>ic  is 
the  geopotential  of  the  A:th  pressure  level,  ^2  =  50  cb. 
CT2  =  3  mts  units  (section  3)  is  the  mean  static  stability, 
fi  =  df/dy,  where  /  is  the  Coriolis  parameter,  y  is  distance 
north  from  the  Equator,  and  x  is  east-west  distance 
measured  positive  eastward.  Equation  (Ic)  was  obtained 
by  discretizing  the  continuity  and  thermodynamic  equa- 
tions in  the  vertical  and  combining  the  two  resulting 
equations.  Here,  aio='»)4  =  0  was  used  as  a  boundary 
condition.  A  solution  (see  Koss,  1967,  for  details)  is 
given  by 
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and 
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(la) 


y=2ip,  k=^'  Y=l(\-^\  and  L  is  the  wavelength. 
2  L  2  \         7  / 

The  c  is  the  phase  speed  of  the  meteorologically  significant 
solution  which  is  obtained  by  solving  the  frequency 
equation 

with  a=l.   This  particular  solution  gives  a  meridional 
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FiGURi;  1.— Vertical  structure  of  the  model;  u,  i,  and  4>  are  defined 
at  levels  1  and  3;  w  =  dp/dl  is  defined  at  levels  0,  2,  and  4. 


Tahi.k  1. — C'omuarison  nf  tin  final iny-junnl  formal  oj  the  i'i-  and 
■IfJ-hil  word  used  in  the  numerical  inlegralionn.  S  refem  to  a  tingle 
precision  word,  D  refers  to  a  double  precision  word. 


36-bll  word 

32-blt  word 

C  liarQctcristic 

-•bit  S 

7-blt  S 

7-blt  D 

Mantissa 

2S-blt  S 

24-blt  -  6  hexadecimal  digit  .S 
se-blt  -  H  heiadeclmal  digit  D 

SlgnKicance  (decimal) 

~9^1lglt  S 

~7.2-dlglt  S 
~18.8^1git  D 

perturbation  velocity  component  w^hich  is  asymmetric 
about  the  Equator  and  tends  to  zero  with  increasing 
distance  from  the  Equator. 

The  finite-difference  scheme  used  in  the  integrations 
was  the  familiar  centered  difference  (leapfrog)  scheme 
which  has  the  following  well-known  properties: 

(I)  conditional  computational  stability, 

(II)  no  changes  in  wave  amplitude  result  from 

the  integration, 

(III)  fictitious  changes  in  phase  speed  occur  dur- 

ing the  integration, 

(IV)  si)litting  of  solutions  at  alternate  time  stei)s 

due  to  the  presence  of  the  "computa- 
tional" mode  introduced  by  the  use  of  a 
second-order  approximation  to  a  first- 
order  derivative  (Kurihara,  1965,  and 
page  73  of  Phillips,  1960),  and 

(V)  the    uncoupling    of    solutions    of    a    linear 

system  of  equations  at  alternate  time 
steps  due  to  the  use  of  centered  difference 
approximations  to  both  the  space  and 
time  derivatives  (Platzman,  1958). 

Property  (V)  does  not  manifest  itself  in  this  study  since 

the  equations  are  coupled  at  alternate  time  steps  through 

the  Coriolis  terms. 

The  "leapfrog"  difference  analog  of  equations  (la,  b, 

and  c)  is 

^"r=^T.y+2A^[%,?;-.,-^^"^^'~^^-'^-^-]>  (4a) 


and 


^t    ,r*„ 


to'=«ry'-;^7n«?.;+  -";'.;-.  +  ?;'+,,;-?;'_,.,]       (4c) 


where  As  is  the  space  increment  in  both  the  x  (j)  and  ;/  (/) 
directions  and  At  is  the  time  increment.  A  forward  time 
difference  set  of  equations  is  used  to  initiate  the  inte- 
grations. 

3.  RESULTS 

The  following  values  of  parainetei-s  were  used  in  all  of 


the  integrations : 

Z=2000  km, 
c=— 2.0827  msec-', 
;8=2.2865X10-"  (msec)"', 
^max=5  m  sec"',  and 
a=3  mts  units. 

The  initial  fields  of  u,  i\  and  ^  were  roinpiited  using  equa- 
tions (3a,  b,  and  c)  with  ^  =  0.  During  the  integrations 
1)  cyclic  continuity  was  used  in  computing  the  tendencies 
at  the  east-west  boundaries  (w  hich  is  reasonable  since  the 
solutions  are  neutral  waves)  and  2)  the  tendencies  at  the 
north-south  boundaries  were  computed  from  the  analytic 
expressions  to  avoid  using  one-sided  space  differences. 

The  integrations  are  divided  into  two  sets:  the  first 
set  was  obtained  on  a  computer  having  a  36-bit  binary 
word  and  the  second  from  a  32-bit  (hexadecimal)  word. 
All  integrations  were  i)erfonned  in  iK)rmali/ed  floatiiig- 
])oint  arithmetic.  Table  1  gives  the  accuracy  characteristic 
of  these  word  sizes. 

The  measure  of  the  accumulated  error  used  here  is  the 
root-mean-square  error  (RMSE)  given  by 

{7b[ss<^"-«.'0}'^ 

where  Ft,,  is  the  value  of  the  analytic  solution  at  the 
((,j)th  grid  point,  F* j  is  the  result  of  the  time  integration 
at  the  same  |)oint,  and  I*J  is  the  total  number  of  griil 
points. 

THE  INTEGRATIONS  IN  SET  1 

Table  2  lists  the  RMSE  of  the  0  field  (.in  meters")  at  the 
end  of  12-hr  forecast  periods  up  to  72  hr  and  percentage 
errors  at  the  12-  and  72-hr  elapsed  times.  As  was  varied 
from  40  km  to  250  km'  ami  At  was  varied  from  225  sec  to 
an  approjiriatc  upi)er  limit  which  satisfied  the  apj>roximate 
computational  stabilitv  criterion 


As 


'  Forty  kllomotors  \vi>s  tlio  j^niAlU'st  allowabU-  value  o(  iJ  Kvaus*'  o(  romputw  memory 
iv.<Irictloiis  oi\  i>  32fc'-36-bit  \vor\l  oompulor  n  iilunil  i>fri|>lier»ls.  th»l  is.  t»i>es.  dis>ss.  etc. 
.\pprOTimatt'ly  2SK'  words  »oro  available  for  the  prosraiii  and  variable  stoni^ 
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Table  2. — RAISE  of  the  ^  field  (in  meters)  al  the  end  of  12-hr  forecast  periods  and  percentage  error  of  the  4>  field  at  the  end  of  12  hr  and  72  hr. 
The  percentage  error  is  defined  as  the  ratio  of  the  RMSE  to  the  average  value  of  the  amplitude  of  Z  with  a  value  of  3.4  m  and  is  listed  following 
the  RMSE.  The  bracketed  quantity  in  the  At  column  is  the  number  of  time  steps  needed  for  a  72-hr  forecast  using  that  value  of  At.  The 
bracketed  quantity  with  As  is  the  total  number  of  grid  points  in  the  2000-km  square  region  using  thai  value  of  As. 


At  (sec) 


Elapsed  time  (hr) 


As=2S0km  [81) 


3600 

[72] 

.91977    27. 

13.9  (409%) 

259. 

5.  X  10< 

9.  X  10' 

2.  X  10" 

3400 

1108] 

.  45351    13. 3 

.  61657 

.41766 

.66503 

.  48026 

.69119    20.3 

1800 

(144) 

.43677    12.8 

.54985 

.38438 

.  69349 

.  49279 

.60916    17.9 

000 

[2881 

.41891    12.3 

.  56610 

.35469 

.53203 

.  59469 

.65990    16.6 

450 

[5761 

.41424    12.2 

.  56791 

. 35223 

.  62029 

.  61878 

.54152    15.9 

As=125km  [289) 


1200 

[216] 

.  11706 

3.4 

.10450 

.11163 

.  15693 

.  15435 

.18309 

.6.4 

900 

[288) 

.11638 

3.4 

.  10709 

.10975 

.  16184 

.15038 

. 19021 

5.6 

450 

[676) 

.11570 

3.4 

.10961 

.10832 

.16558 

.  14593 

. 19485 

&7 

225 

[11521 

.  11552 

3.4 

.  11023 

.  10797 

.16641 

.  14475 

.19540 

5.7 

As=62.6km  [10891 


600  [432] 
450  [576] 
225    [1162) 


.029845  0.87 
.029804  0.87 
.029768  0.87 


.  025132 
. 026326 
. 025516 


. 030313 
.030071 
.  029850 


.038036 
.038379 
.  038715 


.  041706 
.  041527 
.041340 


.043266  1.27 
.  043791  1. 28 
.044279  1.30 


As=40  km  [2601] 


400   (648) 
225  [1152] 


.012327  0.36 
.012316  0.36 


.  010226 
.  010281 


.  012694 
.  012628 


.  015496 
.  016596 


. 017408 
.  017355 


.017627  0.51 
.017755  0.62' 


Since  the  system  will  support  inertia-gravity  waves 
having  a  phase  speed  of  approximately  ±65  m  sec"' 
(Z  =  2000  km),  the  largest  value  of  At  used  satisfied  the 
criteria  with  U=75  m  sec"'.  One  integration  was  per- 
formed where  the  stability  criterion  was  violated  (As  =  250 
km,  A<  =  3600  sec).  In  this  case,  the  RMSE  is  about 
twice  the  maximum  value  of  ^  after  only  24  time  steps. 

For  each  integration,  we  note  an  oscillation  in  the 
values  of  the  RMSE  with  time;  but  in  general,  the  error 
is  increasing  with  time.  The  error  increase  with  time  can 
be  attributed  to  the  cumulative  error.  The  possible 
causes  of  the  oscillation  will  be  discussed  in  a  following 
paragraph. 

With  As  fixed,  the  RMSE  both  increases  and  decreases 
with  M,  depending  on  which  elapsed  time  column  one 
examines.  Since  amplitudes  are  invariant  with  time 
(property  (II)  of  the  differencing  scheme),  the  data  in 
table  2  suggest  that  one  is  probably  better  off  by  choosing 
the  largest  possible  At  which  satisfies  the  stability  cri- 
terion, since  there  may  not  be  a  reduction  of  the  ac- 
cumulated error  associated  with  a  reduction  of  the  time- 
scale  truncation  error.  Gates  (1959)  has  shown  for  the 
centered  difference  form  of  the  linearized  barotropic 
vorticity  equation  that  after  the  initial  time  steps  the 


average  phase  speed  of  the  computed  solution  can  be 
expressed  as  a  function  of  At  and  As.  For  values  of  the 
parameters  used  here,  the  change  in  phase  speed  (as 
computed  from  equation  (76)  by  Gates  (1959))  with 
respect  to  At  is  extremely  small.  Under  the  assumption 
that  the  computed  solution  phase  speed  for  the  system 
(4a,  b,  and  c)  behaves  in  a  similar  manner,  we  conclude 
that  the  phenomenon  described  in  the  first  sentence  of 
this  paragraph  is  not  related  to  property  (III).  The  reason 
for  this  behavior  will  become  apparent  in  the  discussion 
of  the  7-day  integrations. 

Since  the  differencing  scheme  is  second  order,  the 
truncation  error  is  on  the  order  of  the  square  of  the  nor- 
malized space  increment.  Therefore,  halving  As  reduces 
the  truncation  error  by  one-fourth.  From  the  values  in 
the  72-hr  column,  we  see  that  the  percentage  error 
behaves  in  a  similar  way  as  As  is  reduced. 

The  RMSE  for  the  u  and  v  fields  exhibit  the  same  over- 
all behavior  as  that  of  the  ^  field;  hence,  those  results 
are  not  shown  here. 

Several  7-day  integrations  were  performed  with  fixed 
X  =  A//As  =  .0096  for  As=40,  62.5,  125,  and  250  km.  The 
results  are  shown  in  figure  2  where  the  RMSE  has  been 
plotted  at  every  time  step  for  the  As=250-km  and  125-km 
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Figure  2. — RMSE  (in  meters)  for  7-day  integrations,  with  X  =  Ai/As  =  constant  for  various  values  of  As,  and  for  a  3-day  integration  with 
As  =  250  km.  At  =  450  sec  (the  data  points  are  given  by  circles).  Every  time  step  has  been  plotted  for  the  7-day  A«  =  2o0-km  and  125-kra 
cases.  Alternate  time  steps  are  plotted  for  the  As  =  62.5-km  case.  The  results  for  the  24-hr  forecast  periods  are  given  for  the  As  = 
40-km  case.  For  the  3-day  forecast,  the  data  are  plotted  at  half-hourly  intervals.  The  boxed  quantity  is  the  number  of  time  steps  needed 
to  complete  the  7-day  forecast.  The  bracketed  quantity  is  the  relative  real  time  of  the  integration  with  the  As  =  250-km  case  a.ssigned 
the  base  value  of  1.  (The  lines  joining  the  data  points  have  no  physical  significance.) 


cases,  at  alternate  time  steps  for  the  As  =  62.5-km  case, 
and  at  24-hr  intervals  for  the  As  =  40-km  case.  Also  shown 
in  the  figure  are  the  number  of  time  steps  and  the  relative 
time  needed  to  complete  the  integration  with  the  250-km 
case  assigned  the  base  value  of  1.  For  this  forecast  period, 
the  reduction  of  space  truncation  error  is  still  the  im- 
portant factor  in  reducing  the  accumulated  error.  Here 
the  space/time  increments  are  large  enough  so  that 
truncation  can  be  considered  the  major  contributor  to 
the  error,  that  is,  the  round-off  error  incurred  in  the  many 
space/time  arithmetic  operations  is  not  yet  dominant. 
The  graphs  for  the  250-,  125-,  and  62.5-km  cases  exhibit 
the  time  oscillation  which  was  suggested  by  the  data  in 
table  2.  At  first  thought,  one  is  tempted  to  attribute  the 
oscillation  to  the  effect  of  property  (III)  of  the  leapfrog 
scheme,  but  there  is  another  explanation  for  this  behavior. 
Although  the  initial  conditions  were  given  in  terms  of  the 
meteorologically  important  wave  (c=— 2.0827  m  sec"'), 
the  computational  system  will  support  inertia-gravity 
waves  as  does  the  analytic  system.  The  phase  speed  of 
these  waves  (for  L<5000  km)  is  on  the  order  of  ±70  m 
sec"',  which  gives  a  period  of  about  8  hr.  The  oscillations 
in  the  RMSE  graphs  have  a  period  of  ai)i)roximatcly  S 
hr  which  is  indepentlent  of  both  A,v  and  At.  The  inde- 
pendence from  At  is  shown  by  the  plot  of  the  A.v  =  250  km 
and  A<  =  450  sec  72-hr  forecast  data,  which  has  the  same 
period  as  the  As  =  250  km  and  Af=2400  sec  forecast  data. 
This  suggests  that  the  errors  generated  in  the  initial 
time  steps  excite  the  inertia-gravity  waves  which  then 
propagate  through  the  system.  The  use  of  a  small  At 
only  delays  the  excitation  (here  there  is  a  lag  of  about  1 
hr  for  the  two  com{)ared  cases),  since  it  takes  longer  for 
the  smaller  truncation  error  to  accunudate. 

There  is  the  possibility  that  the  error  caused  by  the 
computational  change  of  phase  speed  is  not  revealed  by 


the  RMSE,  which  would  be  the  case  if  the  phase  speed 
error  is  very  small.  But,  if  the  analytic  wave  and  comi)u- 
tational  wave  become  more  out-of-phase  as  the  forecast 
progresses,  this  error  would  manifest  itself  as  a  monotonic 
increase  in  the  RMSE.  Also,  there  is  no  indication  through- 
out the  forecast  period  that  property  (FV)  of  the  leapfrog 
scheme  (the  solution  splitting  at  alternate  time  steps) 
has  occurred.  This  phenomenon  could  also  be  hidden 
by  the  RMSE,  through  the  squaring  of  the  error  in  the 
formation  of  the  RMSE. 

THE  INTEGRATIONS  IN  SET  2 

Three  7-day  integrations  were  performed  on  a  comi)uter 
having  a  32-bit  word.  Of  these,  one  intergration  was  com- 
puted using  double  precision-type  arithmetic  (64-bit 
word).  In  all  three  integrations  the  analytic  data  were 
computed  in  double  precision.  This  allows  a  comparison 
of  these  resvdts  \\'ith  those  computed  with  the  36-bit 
word.  Table  3  shows  the  RMSE  for  the  $  fields  (in  these 
computations  X  =  .0096).  Here,  the  last  digit  in  the  36- 
bit  word  result  was  obtained  by  rounding  off  the  stored 
number  for  output  display.  All  digits  of  the  32-  and  64- 
bit  words  are  certain  (table  1):  to  compare  the  results 
with  those  of  the  36-bit  word,  use  the  usual  rounding 
convention  when  rounding  to  six  (or  fivel  digits.  The 
differences  in  the  results  are  insignificant.  We  must 
keep  in  mind  that  these  results  apply  for  a  linear  model: 
a  similar  experiment  with  a  complex  nonhnear  system 
could  possibly  yield  the  opposite  conclusion. 

4.  REMARKS 

During  the  course  of  the  computations  reported  on  in 
this  paper,  we  were  not  concerned  printarily  with  the 
question  of  the  stability  and  accuracy  of  the  finite-tliffer- 
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Table  3. — RM^E  of  the  $  field  {in  meters)  computed  on  a  32-bit  word 
computer  in  single  and  in  double  precision  arithmetic  and  on  a  36-bit 
word  computer.  Time  is  the  elapsed  forecast  time  in  hours.  For  these 
computations,  X  =  A//As  =  constant. 


Time 

As=40km 

As  =  125  km 

(hr) 

32-bit  word 

36-bit  word 

32-bit  word 

64-bit  word 

36-bit  word 

12 

.11705  89 

.11705  88 

.  11706 

24 

.010226  60 

.  010225 

.  10449  92 

.10449  91 

.10450 

36 

.11163  30 

.  11163  29 

.11163 

48 

.015507  72 

.  015607 

.15692  59 

.15692  56 

. 15693 

60 

.15435  56 

.  15435  53 

. 15435 

"TO 

.017635  46 

.017634 

.18309  31 

.  18309  27 

.  18309 

84 

.17208  68 

.17208  69 

.  17209 

06 

.020381  05 

.  020379 

.20326  68 

.20326  62 

.  20327 

108 

.18195  96 

.18195  91 

.  18196 

120 

.020659  76 

.  020659 

.19120  75 

.19120  72 

.19121 

132 

.20379  57 

.20379  54 

.  20380 

144 

.019077  01 

.  019074 

.19149  46 

.  19149  30 

.19149 

156 

.20765  61 

.20765  59 

.  20765 

168 

.019412  13 

.019411 

.17597  78 

.17597  70 

.  17598 

ence  scheme  used  in  integrating  the  system  of  diflferential 
equations.  Instead,  we  considered  the  practical  aspect  of 
the  problem,  that  is,  the  interrelation  of  truncation  error 
and  round-oflf  error  in  the  error  accumulated  during  the 
integration.  The  model,  being  linear  and  free  of  diabatic 
and  viscous  effects,  allows  verification  of  the  integrations 
to  within  the  machine  accuracy  of  the  computed  values  of 
the  analytic  solutions.  Therefore,  one  is  able  to  associate 
the  overall  behavior  of  the  error  with  changes  in  the  space/ 
time  parameters.  The  error  incurred  by  evaluating  the 
analytic  expressions  for  the  tendencies  on  the  north  and 
south  boundary  is  a  maximum  when  At  is  large,  and  this 
is  when  the  truncation  error  is  at  a  maximum  over  the 
entire  grid.  The  effects  of  this  error  are,  therefore,  second- 
ary in  the  overall  evaluation. 

The  rate  of  error  accumulation  is  strongly  dependent 
upon  the  complexity  of  the  physical  system  being  exam- 
ined. Here,  although  the  model  is  linear  and  basically 
simple,  it  is  determined  by  a  system  of  three  equations, 
one  of  which  is  strongly  space-increment  dependent:  the 
^  tendency  is  given  by  the  horizontal  divergence  of  the 
perturbation  wind  shear.  This  computation  is  an  excellent 
source  of  truncation  error. 

Several  conclusions  concerning  the  computer  application 
of  the  leapfrog  scheme  can  be  made  based  on  these 
integrations: 

1)  For  a  given  value  of  the  space  increment,  one  should 
choose  the  largest  value  of  the  time  increment  consistent 
with  the  stability  criterion.  The  use  of  a  smaller  value  of 
M  does  not  always  guarantee  a  reduction  of  the  accumu- 
lated error  even  though  the  theoretical  truncation  error 
in  the  time  scale  is  reduced.  The  additional  computations 
needed  with  a  smaller  At  will  usually  introduce  compen- 
sating round-off  errors.  More  important  is  the  effect  of 
the  excited  gravity  waves  which  may  be  supported  by  the 
system.  The  lag  in  the  oscillation  of  the  error  curves 
caused  by  changes  in  At  can  give  results  as  those  given 


in  table  2:  the  "goodness"  of  the  smaller  At  depends  on 
the  forecast  period  examined.  Hence,  the  space  truncation 
is  the  important  factor  in  the  error  accumulation. 

2)  Once  the  characteristic  scale  (i)  of  the  motions 
being  studied  has  been  determined,  there  is  an  optimal 
range  of  values  of  the  space  increment  (As)  in  terms  of 
both  "acceptable"  error  accumulation  and  computer  time. 
Reduction  of  the  magnitude  of  As  will  reduce  the  accumu- 
lated error  because  of  the  reduction  in  both  the  space- 
and  time-scale  truncation  error.  But  extremely  small 
values  of  As  yield  rapid  accumulation  of  round-off  error 
which  will  dominate  the  truncation  error.^  This  phenom- 
enon is  a  function  of  the  computer  word  size  and  the  total 
number  of  arithmetic  operations  in  the  computation. 
Inspection  of  table  3  shows  that  this  was  not  the  case 
here  for  either  word  size.  Figure  2  shows  that  the  slight 
gain  in  accuracy  made  in  going  from  As  =  62.5  km  to 
As =40  km  was  at  the  expense  of  a  three- fold  increase  in 
computer  running  time.  If  h  =  As/L,  then  h  =  O.OS,  for  this 
experiment  yields  less  than  a  2  percent  average  error  in 
the  (/)  field  in  a  reasonable  amount  of  computing  time.  As 
mentioned  above,  that  the  round-off  error  was  not  domi- 
nant in  the  examined  cases  is  shown  by  comparing  the 
results  of  the  single  precision  and  double  precision  com- 
putations. Round-off  error  would  become  evident  in  the 
accumulated  error  for  values  of  As  much  smaller  than  40 
km,  that  is,  for  h  <<0.02,  through  an  increase  in  the 
percentage  error  of  the  ^  fields  as  As  decreases.  The  small 
percentage  errors  for  /i~'0.03  and  the  large  amounts  of 
computation  needed  for  integrations  with  smaller  values 
of  h  are  justification  for  not  performing  the  computations 
with  As  <C40  km. 

Modifying  the  governing  equations  by  the  addition  of 
nonlinear  advection,  viscous  effects,  and  diabatic  effects 
would  not  alter  the  magnitude  of  the  truncation  error  if 
the  same  finite-difference  approximations  are  used,  but 
the  round-off  error  possibly  could  be  greatly  increased. 
(We  are  assuming  that  the  system  remains  computa- 
tionally stable  with  the  addition  of  terms.) 

In  general,  one  could  use  the  same  technique  employed 
here  in  other  problems  to  determine  feasible  choices  of 
integration  parameters,  regardless  of  the  existence  or  non- 
existence of  comparison  analytic  solutions  to  the  problem 
at  hand.  The  choice  of  space  increment  can  be  established 
by  noting  the  relative  change  in  the  computed  field 
variable  for  a  short  forecast  period  as  the  grid  is  modified 
from  a  coarse  to  a  fine  one.  (The  stability  criterion  deter- 
mines the  time  increments,  therefore  the  number  of  time 
steps  required.)  As  table  2  demonstrates  for  the  problem 
considered  here,  the  magnitude  of  the  error  is  roughly 
determined  in  relatively  few  time  steps.  Hence,  knowledge 
of  the  absolute  error  is  not  absolutely  necessary. 

From  a  few  preliminary  "dry"  runs  (in  which  viscous 
and  diabatic  effects  can  be  suppressed)    the    "optimal" 


2  Ttiis  can  be  amply  demonstrated  by  numerically  integrating  the  ordinary  differential 
equation  dyldi  =  y,  y(x=0)  =  l,  over  the  interval  (0,  1],  allowing  ft  =  Ai  to  vary  from  10"' 
to  10-«  and  graphing  the  error  at  i  =  l  against  the  step  size  h. 
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space  increment  can  be  chosen  on  the  basis  of  1)  computer 
economics  (running  times  and  memory  requirements), 
and  more  importantly,  2)  the  physical  reality  of  the 
results.  The  addition  of  forcing  functions  to  the  equations 
could  possibly  alter  the  stability  i)roperties  of  the  system 
and  require  a  change  in  the  value  of  the  space  increment. 
The  dry  run  equations  define  a  physical  system  whose 
behavior  can  be  qualitatively  diagnosed  from  the  equa- 
tions. The  numerical  results  of  the  dry  run  should  concur 
with  the  qualitative  reasoning  when  suitable  values  of 
the  parameters  are  used  in  the  integration. 
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Since  the  establishment  of  the  National  Hurricane 
Research  Laboratory  in  1956,  hurricanes  have  been 
under  intensive  observation  by  aircraft,  radar. 
Earth  satellites,  and  conventional  meteorological 
netv^orks  surrounding  the  Atlantic  hurricane  re- 
gions. At  the  end  of  the  1967  hurricane  season,  the 
Research  Flight  Facility,  an  agency  of  the  Environ- 
mental Science  Services  Administration  (ESSA), 
had  flown  approximately  3500  hr  into  hurricanes 


and  tropical  storms.  Flying  at  altitudes  ranging 
from  a  few  hundred  feet  above  the  sea  to  more  than 
40,000  ft,  these  specially  instrumented  research 
aircraft  have  collected  enough  data  to  permit  a 
fairly  complete  description  of  the  winds,  tempera- 
tures, and  pressures  associated  with  these  destruc- 
tive storms. 

Wind  velocity.  In  the  outer  portion  of  the  hurri- 
canes, winds  increase  gradually  as  the  center  of 
the  cyclone  is  approached.  In  large  storms  this  re- 
gion may  extend  over  several  hundred  kilometers. 
At  low  levels  the  wind  profile  for  the  outer  portion 
has  been  found  to  follow  approximately  the  rela- 
tionship VR^  =  K,  where  f  is  the  wind  speed,/?  the 
radial  distance  from  the  center  of  the  hurricane, 
and  K  a  constant.  For  typical  hurricanes,  x  has  a 
characteristic  value  of  0.50-0.65. 

The  region  of  maximum  winds  surrounds  the  eye. 
This  region  is  easily  the  most  spectacular  part  of 
the  storm.  In  this  area,  averaging  5-  10  mi  in  width, 
the  winds  are  almost  constant  and  may  attain 
speeds  of  150-200  mph.  In  Hurricane  Inez  (1966) 
research  aircraft  recorded  an  instantaneous  wind 
speed  of  199  mph  at  an  elevation  of  about  8000  ft  on 
Sept.  28  while  Inez  was  passing  through  the  Carib- 
bean just  south  of  Puerto  Rico.  This  observation 
was  the  highest  ever  recorded  by  aircraft  in  any 
hurricane  since  the  inauguration  of  research  flights. 
The  ring  of  maximum  winds  coincides  with  the  wall 
cloud,  so  called  because  it  is  also  an  area  of  violent 
convection  and  heavy  rains. 

Inside  the  region  of  maximum  winds  lies  the  eye, 
or  innermost  portion,  of  the  storm.  Winds  diminish 
with  amazing  rapidity  in  the  eye,  but  seldom  ap- 
proach absolute  calm. 

Air  circulation.  In  major  hurricanes  the  circula- 
tion extends  from  sea  level  to  elevations  in  excess 
of  40,000  ft,  and  some  may  even  reach  the  strato- 
sphere. Hurricane  circulations  may  be  divided  into 
three  vertical  layers  — inflow,  middle,  and  outflow. 

Inflow  layer.  The  lower  10,000  ft  is  called  the 
inflow  layer,  and  in  this  region  there  is  a  pro- 
nounced component  of  the  wind  inward  toward  the 
center.  The  inflow  is  partly  controlled  by  frictional 
forces  caused  by  tangential  shearing  stresses  ex- 
erted by  the  hurricane  winds  on  the  sea  surface. 
Without  this  frictional  force,  hurricanes  could  not 
form.  The  inflow  layer  is  important  because  the  air 
flowing  inward  is  moving  down  the  pressure  gra- 
dient, that  is,  going  from  high  to  low  pressure  and 
thereby  converting  potential  energy  to  kinetic  en- 
ergy. The  inflow  layer  is,  therefore,  the  dynamo 
which  runs  the  storm.  Moisture  and  sensible  heat 
are  also  brought  into  the  storm  via  the  inflow  layer, 
either  by  lateral  advection  or  by  turbulent  transfer 
from  the  ocean  surface. 

Middle  layer.  At  the  middle  layers  the  motion  is 
predominately  cyclonic,  with  little  or  no  radial  com- 
ponent of  the  wind.  There  may,  however,  be  asym- 
metries in  the  wind  field,  as  shown  by  Fig.  1,  which 
is  based  on  aircraft  measurements  made  in  Hurri- 
cane Daisy  in  1958.  Note  the  100-knot  isotach  maxi- 
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Fig.  1.  Wind  circulation  in  Hurricane  Daisy  at  13,000  ft,  Aug.  28,  1958.  Numbers  represent  wind  speed  in  knots. 


mum  to  the  right  of  the  center  and  the  considerably 
lesser  speeds  to  the  left.  The  streamlines  show 
some  convergence  to  the  rear  of  the  center,  hut 
closer  in  the  motion  is  mainly  cyclonic  in  nature. 
Outflow  layer.  The  outflow  layer  occupies  the 
upper  third  of  the  storm.  Air  which  has  entered  via 
the  inflow  layer  and  then  ascended  to  the  upper 
levels  in  the  region  of  the  wall  cloud  then  flows  out- 
ward and  away  from  the  storm.  Through  much  of 
the  outflow  layer,  winds  decrease,  change  direction, 
and  frequently  become  anticyclonic,  in  sharp  con- 
trast to  the  violent  cyclonic  flow  existing  at  sea 
level.  This  occurs  because  the  hurricane  is  a 
warm-core  system  and  because  the  absolute  angu- 
lar momentum  tends  to  be  conserved  in  the  outflow- 
layer.  The  outflowing  air  may  sink  back  to  the  low  er 


levels  at  some  great  distance  from  the  hurricane. 

Energy  exchange.  1  lie  hurricane  is  a  warm-core, 
direct  atmospheric  circulation;  that  is,  warm  air 
rises  and  cold  air  sinks.  thereb>  converting  heat 
energy  to  potential  energy  and  potential  energy  to 
kinetic  energy.  Calculations  have  shown  that  in  an 
average  hurricane  from  J.O  \  U)-"^  to  6.0  \  U)^" 
ergs/day  are  liberated  in  the  torm  of  latent  heat. 
Only  about  3'^i  ot  this  energ>  is  coinerted  to  kinetic 
energy,  nuu'h  of  the  remainder  being  converted  to 
potential  energy  and  exported  through  the  outflow 
layer. 

Temperature  levels.  At  a  given  pressure,  warm 
air  is  lighter  than  cold  air.  The  formation  of  a  hurri- 
cane, the  extreme  low  pressures  observed  near  the 
center,  ttie  intense  radial  pressure  gradients,  and 
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Fig.  2.  Temperature  anomalies  (departures  from  mean       based  on  aircraft  measurements  at  five  levels.  The  max- 
tropical  atmosphere)  in  degrees  Celsius,  Oct.  1,  1964,       imum  warming  usually  is  found  around  40,000  ft. 


the  violent  cyclonic  circulations  depend  upon  the 
development  and  concentration  of  very  warm  air 
near  the  core  of  the  storm. 

Figure  2  shows  the  temperature  anomalies  found 
in  Hurricane  Hilda  in  the  Gulf  of  Mexico  in  1964. 
This  analysis  was  based  on  aircraft  data  collected 


at  five  levels,  as  indicated  in  Fig.  2.  This  pattern  is 
characteristic  of  the  temperature  fields  found  in 
other  similar  storms.  The  maximum  warming  is 
almost  always  found  at  the  upper  levels,  usually 
around  40,000  ft.  In  Hilda  the  air  within  the 
30,000-40,000  ft  layer  was   16°C  above  that  nor- 
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mally  found  in  the  tropics  at  that  level.  The  strong 
lateral  gradients  at  the  intermediate  levels  observed 
at  radii  of  10-15  naut  mi  coinc'ide  with  the  ring  of 
maximum  winds  and  the  wall  cloud.  This  feature  is 
also  typical.  Little  or  no  anomalies  are  found  Ijelow 
5000  ft  except  near  the  wall  cloud.  In  some  cases 
temperatures  in  this  region  have  been  lound  to  be 
slightly  below  normal. 

The  warming  of  the  upper  levels  shown  in  Fig.  2 
is  the  result  of  the  oceanic  heat  source.  Air  flowing 
into  a  hurricane  is  moving  toward  lower  pressure, 
and  hence  it  must  expand  during  the  process.  In  the 
absence  of  a  heat  source  the  air  would  cool,  but  no 
significant  cooling  is  observed.  The  cooling  is  pre- 
vented by  the  addition  of  sensible  heal  by  contact 
with,  and  turbulent  exchange  from,  the  warm  wa- 
ters of  the  ocean  surface.  Moisture  is  also  added 
through  evaporation.  These  two  processes  cause 
the  equivalent  potential  temperature  of  the  surface 
air  to  rise,  and  it  is  the  ascent  of  air  with  greatly 
enhanced  e(]uivalent  potential  temperatures  which 
causes  the  upper-level  warming  indicated  in  F'ig.  2. 
When  a  hurricane  moves  inland  or  over  cold  water, 
the  storm  usually  decays  rapidly  since  it  has  moved 
awav  from  its  primary  heat  source. 

Meteorological  satellites.  The  advent  of  mete- 
orological satellites  during  the  past  few  years  has 
provided  the  research  scientist  with  a  powerful 
new  observational  tool  which  is  particularly  valua- 
ble in  studying  tropical  weather  systems,  including 
hurricanes,  many  of  which  form  and  die  in  geo- 
graphical locations  devoid  of  conventional  meteor- 
ological data.  Already  the  satellites  have  led  to 
greatly  increased  capability  in  detecting  the  birth 
ol  hurricanes  and  in  tracking  them  in  remote  areas. 
Satellites  have  also  contributed  to  knowledge  about 
hurricane  cloud  patterns  and  the  thermodynamics 
of  these  storms;  satellite  photographs  have  been 
used  to  estimate  circulation  patterns  around  hurri- 
canes and  to  estimate  their  intensity. 

The  possibility  of  eventual  hurricane  control  is  an 
intriguing  one.  Project  STORMFURY,  a  joint  un- 
dertaking of  ESSA  and  the  U.S.  Navy,  is  designed 
to  explore  ways  of  modifying  hurricanes.  No  fully 
satisfactory  hypothesis  for  the  control  of  hurricanes 
is  yet  in  existence,  and  its  formulation  may  have  to 
await  a  better  understanding  of  the  manner  in 
which  hurricanes  form. 

For  background  information  see  HURKICANK: 
Mf.teoroi.(k;i(:ai.  SAiiaLiTKS  in  the  McGraw-Hill 
Encyclopedia  of  Science  and  Technology. 

[banner  I.  miller] 
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FORECAST  MODEL 


A  prediction  model  was  designed  specifically  for  use  in 
tropical  and  subtropical  regions,  with  forecasting  the  move- 
ment of  tropical  cyclones  one  of  the  primary  objecti\-cs.   The 
importance  of  latent  heat,  sensible  heat, and  friction  in  the 
development  and  maintenance  of  tropical  cyclones  is  well  known, 
and  it  was  obvious  that  a  tropical  forecast  model  would  have 


to  include  these  effects  to  be  successful.   Therefore  a  prim- 
itive equation,  diabatic,  viscous  model  was  selected  for  the 
experimental  forecasts.   The  variables  to  be  forecast  were 
the  horizontal  wind,  the  potential  temperature,  and  the 
mixing  ratio.   The  forecast  equations  are 


— -  =  -u- V- cu— -  +fv-— -^  +  K„Vu  -i-g- 

0\  dx  Oy  dP  Ox  dP 


(1) 


at 


d\i         dv         dy  d4> 

-  V O) f  u 


dp 


2  (3tV 

+  K.V  v+g  ^^-^ 
dP 


(.2) 


dt  (3x        (3  V 


—  U) 


dP         T   Cp   ^p       T  CpT        (3) 


=  -u- v^ OJ- — +  g  -I — -^  +  Kh V  q 


at 


ay 


ap 


ap 


(4) 


The  tangential  shearing  s t res s es ,  Tx,  y  ,     are  defined  at 
1000  mb  in  terms  of  the  total  wind  speed,   Vq   ,  and  a  drag 
coe  f  f  ic  ien  t  , 


tx,o«-/'CdVo  U 


(5) 
(5a) 


At  the  upper  levels,  these  quantities  are  defined  by  use  of 
an  eddy  viscosity  for  vertical  mixing,  Km  j 


TX  =  -^'gK^-^ 
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ap 
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(6) 
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The  fluxes  of  water  vapor  and  sensible  heat  at  the  surface 
are  proportional  to  the  surface  wind,  the  surface  drag  coef- 
ficient, the  air-sea  differences  in  mixing  ratio  and  tempera- 
tures , 


Fs  =  yO,  C„Cp  (T 


w 


-To) 


(7) 


Fq  -Pr.    Co  (qw-qjV, 


(7a) 


These  quantities  are  assumed  to  decrease  linearly  with  pres- 
sure and  were  allowed  to  go  to  zero  at  700  mb ,  in  the  manner 
suggested  by  Petterssen  et  al.  (1962),  i.e.,  H^-   g  0  Fs 
This  tecnnique  is  consistent  with  maintaining     ^p 
a  quasi-moist  adiabatic  lapse  rate  in  the  lower  layers  and 
permits  the  upward  transport  of  sensible  heat  against  a  po- 
tential temperature  gradient.   The  surface  drag  coefficient 
over  water  is  an  empirical  function  of  the  surface  wind 
speed  (Miller,  1962;  1964;  1967;  Hawkins  and  Rubsam,  1968). 


Cn  =  (1,0+  0.07  V^  )  X  10 


-  3 


(8) 


with  Vo   being  measured  in  meters  per  second.   Empirical  values 
of  Kmand  K\\    which  were  designed  to  produce  realistic  values  of 
vertical  motion,  depth  of  the  inflow  layer,  and  the  radial 
motions  in  hurricanes  (Miller,  1965;  Barrientos,  1964)  are 
also  used.   It  is  assumed  that  K^  ,  a  lateral  mixing  coefficient, 
is  the  same  for  heat,  momentum,  and  water  vapor.   Evaporation 
and  the  sensible  heat  over  land  are  set  equal  to  zero  and  a 
constant  value  of  0.005  for  the  drag  coefficient  is  assumed; 
this  is  the  same  as  the  value  used  by  Palmen  and  Holopainen 
(1963)  in  their  investigation  of  an  ex t ra t ro p ic a  1  disturbance 
over  the  central  United  States. 


The  latent  heat  added  to  the  system  is  composed  of  two 
parts.   The  first  part  is  a  parameterization  of  the  heat 
released  by  cumulus  convection,  originally  proposed  by  K.uo 
(1965),  who  defined  a  quantity,  Q   ,  as  the  moisture  re- 
quired to  saturate  the  atmosphere  and  (following  condensation 
of  a  portion  of  the  water  vapor)  to  raise  its  temperature  to 
that  of  the  moist  adiabat  passing  through  the  base  of  the 
cloud  : 
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The  net  moisture  convergence  within  a  column  may  be  obtained 
by  integrating  (4)  in  the  vertical 
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where  C|  q  is  the  mixing  ratio,  CO  q     is  the  vertical  motion  at 

1000  mb ,  P    and  P*  are  the  pressures  at  the  base  and  the  tops 

of  the  clouds,  qe  refers  to  the  saturation  mixing  ratio,  Ts 

is  the  temperature  along  the  moist  adiabat  determined  by  the 
lifting  condensation  level  of  the  sub-cloud  air,  and  q   and  T 
refer  to  the  environmental  conditions.   The  heating 
function  may  now  be  expressed  by 


HL.  =  -^Cp  (Ts-T) 


(11) 


and H L  I  is  set  equal  to  zero  at  1000  mb  and  at  100  mb ,  if  I 

is  zero  or  negative  or  if  T  is  equal  to  or  greater  than  Ig 
Note  that  the  Kuo  heating  function  is  s e 1 f -1 im i t ing ,  since 
it  tends  to  approach  zero  as  the  lapse  rate  within  the  cloud 
becomes  moist  adiabatic  and  the  cloud  becomes  saturated. 

The  second  part  of  the  latent  heat  release  is  due  to 
the  ascent  of  moist  air  with  the  broad-scale  vertical  motion 
and  is  defined  as 
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An  examination  of  the  variation  of  the  saturation  mixing  ratio 
with  pressure  reveals  that  it  is  almost  linear  for  the  tropi- 
cal atmosphere  within  the  range  from  700  to  200  mb .   According 
ly,  the  quantity  in  the  brackets  is  set  equal  to  a  constant, 
to  speed  up  calculations,  and  has  the  value  of  about  0.06. 

The  evaluation  of  (12)  can  lead  to  instabilities  in  the 
calculations,  particularly  if  strong  upward  motion  occurs  at 
only  a  few  adjacent  points  within  the  network.   To  alleviate 


this  fluctuation,  the  following  procedure  was  devised: 

1.  The  vertical  motion  was  smoothed  over  nine  points 
with  a  "smoothing  operator"  (Shuman,  1957b). 

2.  If  the  smoothed  vertical  motion  was  negative  and 
relative  humidity  was  9  57o  or  grea  te  r  H  Lg  was  evaluated  from 
(12);  otherwise  it  was  set  to  zero. 

3.  The  heating  was  then  distributed  over  nine  points, 
resulting  in  uniform  heating  over  a  region  of  uniformly- 
ascending  saturated  air  (see  fig.  1).   This  procedure  is 
obviously  experimental  and  completely  arbitrary,  but  no 
difficulties  have  occurred  in  its  use  in  forecasts  for 
periods  up  to  24  hours. 

The  total  heat  source,  H   ,  may  now  be  expressed  as  the 
sum  of  the  sensible  and  latent  heat. 


H  =  Hs  +  Hl  +  Hl, 


(13) 


and  H   is  applied  in  forecasting  potential  temperature  (3), 
and  in  the  omega  equation  described  in  a  later  section. 
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Figure  1.    Diagram  showing  how  latent  heating  function  is 
distributed  to  adjacent  points. 


3.   INITIALIZATION  OF  DATA 

Large  scale  motions  of  the  atmosphere  are  in  a  quasi- 
balanced  state;  a  completely  balanced  state  does  not  and 
cannot  exist  -  particularly  when  one  attempts  to  evaluate 
diabatic  and  viscous  forces.   Since  observational  data  con- 
tain  a  sufficient  number  of  inaccuracies  to  cause  spurious 
amplification  of  the  natural  atmospheric  gravitational  and 
inertial  oscillations  with  time  (particularly  when  the  prim- 
itive equations  are  used  as  a  forecast  model) ,  we  must 
modify  initial  data  so  that  the  forecast  period  begins  with 
as  near  a  balanced  state  as  possible.   It  may  also  be  neces- 
sary to  repeat  the  initialization  process  periodically  through 
out  the  forecast  period,  especially  if  intense  vorticity 
maxima  of  relatively  small  scale  develop  inside  the  forecast 
doma  in  . 

Numerous  authors  have  discussed  the  initialization 
problem  and  proposed  methods  of  obtaining  an  initially 
balanced  state  (Phillips,  1960;  Charney,  1962;  Krishna- 
murti  and  Baumhefner,  1966;  Nitta  and  Hovermale,  1967; 
Miyakoda  and  Moyer,  1968;  Shuman  and  Hovermale,  1968). 
The  methods  chosen  for  this  experiment  follow  closely  those 
described  by  Charney  (1962)  and  Krishnamurti  and  Baumhefner 
(1966).   The  basic  equations  in  our  initialization  process 
are  the  divergence,   balance,  omega,  con  t  inu  it  y^  and  hydrostatic 
equations^  which  will  follow  in  the  same  order. 
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lln  principle  the  t ime -dependent  terms  in  the  divergence 
and  omega  equations  can  be  evaluated  from  the  forecast,  but 
these  were  omitted  in  the  forecasts  of  Hurricane  Alma.   Attempts 
will  be  made  to  include  them  in  subsequent  experiments. 
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The  initialization  procedure  consisted  of  the  following 
steps  : 

1.  If  wind  data  were  available,  the  U  -  and  V  -components 
were  smoothed  once  in  the  horizontal  by  using  a  9-point  smoothing 
operator  and  a  coefficient  of  0.50,  and  once  in  the  vertical, 
over  three  points,  with  the  top  and  bottom  levels  being  omitted 
from  the  vertical  smoothing.   Winds  on  the  boundary  were  not 
smoothed,  but  the  normal  component  was  set  equal  to  the 

geos  trophic . 

2.  The  divergence  equation  (14)  was  solved  for  the 
height  field,  with  the  analyzed  heights  being  retained  on  the 
boundary.   At  this  stage  the  t ime -d ependent  terms  and  the 
vertical  motion  were  assumed  to  be  zero. 


3.   The  temperatures  were  obtained  by  solving  (18)  subject 
to  the  condition  that  the  temperature  at  1000  mb  should  differ 


from  the  mean   virtual  temperature  for  the  1000-  to  850-mb 
layer  by  a  constant  value,  based  on  climatology  (Jordan,  1958) 
and  the  relationship 


T.  =  (  1.0  +  0.6  q  )  T. 


(19) 


4.   The  balance  equation,  (15),  was  solved  for  the  stream 
function  using  the  method  described  by  Shuman  (1957a),  with 
the  boundary  values  for  \i/   being  determined  by  setting  the 
normal  velocity  at  the  boundary  equal  to  the  geostrophic  wind 
and  requiring  that 
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with  C  being  a  small  correction  applied  to  insure  that  both 

\p      and  cf>       return  to  their  original  value  following  the 
line  integral  (Bolin,  1956).   For  all  interior  points,  the 
original  winds  were  replaced  by  the  rotational  winds  derived 
from  the  stream  function. 

5.   The  original  winds  were  retained  on  the  boundary  up 
to  this  point.   To  avoid  any  spurious  gradients  in  the  wind 
field  near  the  boundary,  the  boundary  winds  were  now  smoothed 
five  times,  with  the  normal  component  being  returned  to  the 
geostrophic  following  each  smoothing.   The  smoothing  on  the 
boundary  resulted  in  a  spurious  gradient  in  the  vorticity  near 
the  boundary.   This  was  eliminated  by  adjusting  the  tangential 
wind  on  the  boundary  in  such  a  way  that 
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where  Vgj  is  the  tangential  geostrophic  wind  on  the  inner 

boundary,  S.  ,  and  V -p   is  the  tangential  wind  on  the  outer 

boundary,  S  .   This  adjustment  was  made  to  preserve  the  areal 

integral  of  the  relative  vorticity. 


6.  Steps  2  through  5  were  repeated. 

7.  Forecasts  o f  u  ,  V  ,  9      ,     and  q  were  prepared  with 
zero  vertical  motion.   The  vertical  motion  was  obtained  by 


solving  (15),  subject  to  the  restrictions  (Cressman 
the  vertical  motion  at  1000  mb  was  determined  by 


1963)     that 
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and  that  O)   at  100  mb  was  zero. 

8.  Steps  2  through  4  were  repeated. 

9.  Equation  (17)  was  solved  for  the  velocity  potential, 
with  X  set  equal  to  zero  on  the  boundary.   The  total  wind  was 
obtained  by  adding  the  divergent  and  the  rotational  components 
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This  completes  the  initialization  process.   Steps  7 
through  9  were  repeated  at  the  end  of  2  hours  and  then  every 
4  hours  thereafter.   Whether  this  repetition  is  too  frequent 
or  infrequent  has  not  yet  been  determined;  further  experience 
with  the  model  will  tell. 


k.       NUMERICAL  PROCEDURES 

The  finite  difference  methods  developed  by  Shuman  (1962) 
and  now  used  at  the  National  Meteorological  Center  (NMC)  in 
the  operational  primitive  equation  forecast  model  developed 
by  Shuman  and  Hovermale  (1968)  were  modified  slightly  and 
used  in  our  experiment.   The  variables  U   ,  V   ,  W   ,   Q   ,  a 
and  <p         were  defined  at  grid  points,  with  averages  and  first 
differences  being  defined  between  grid  points,  e.g., 
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In  this  system,  (1)  may  be  written  as 
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Equations  (2)  through  (4)  are  transformed  in  a  similar 
fashion.   In  the  operational  NMC  difference  system,  certain 
quantities  are  also  averaged  with  respect  to  the  vertical 
coordinate.   We  experimented  with  vertical  averaging  and 
concluded  that  it  was  probably  undesirable  for  the  tropical 
atmosphere,  although  further  trials  with  the  model  are  neces 
sary  before  a  definite  decision  can  be  reached.   Vertical 
derivatives  for  U  ,  V  ,  and  q   were  evaluated  by  centered 
differences  over  two  pressure  increments.   The  vertical 
derivative  of  Q    was  determined  by  noncentered  upstream 
differences,  because  the  use  of  centered  differences  nearly 
always  resulted  in  cooling  at  the  250-mb  level,  even  when 
saturated  air  was  rising.   This  spurious  cooling  was  caused 
by  the  strong  vertical  gradient  of  potential  temperature 
between  400  and  100  mb ,  and  the  use  of  noncentered  upstream 
differences  resulted  in  a  more  realistic  balance  between 
cooling  from  adiabatic  expansion  and  warming  by  the  release 
of  lat en  t  heat . 

The  grid  length  was  140  km  at  22.5  N  on  a  Mercator  pro- 
jection.  A  21x21  horizontal  array  and  seven  vertical  levels 


10 


were  used.   The  geographical  region  covered  by  the  calculations 
varied  slightly  but  was  essentially  that  shown  in  figure  2, 
extending  from  90oW  to  just  east  of  Bermuda.   The  north-south 
extent  of  the  grid  ranged  from  about  11°N  to  36°N,  or  from 
about  180N  to  420N.   The  vertical  levels  were  1000  mb  to 
100  mb ,  with  a  pressure  increment  of  150  mb . 

The  divergence  equation  for  the  height  field  and  the 
equation  of  continuity  for  the  velocity  potential  were  solved 
by  standard  ove r -re laxa t ion  techniques.   In  both  cases,  a  nine- 
point  approximation  to  the  Laplacian  and  a  relaxation  coefficient 
of  0.087  were  used.   This  scheme  has  been  found  more  accurate 
and  converges  nearly  twice  as  fast  as  methods  based  on  the 
more  conventional  five-point  Laplacian  (Wurtele  and  Clark, 
1965).   The  omega  equation  is  generally  elliptic,  but  becomes 
hyperbolic  if  the  static  stability,   O"  ,  or  the  absolute 
vorticity,  ''7   ?  is  negative,  although  this  rarely  happens  at 
more  than  a  few  points  within  the  network.   At  grid  points 
where  the  equation  was  hyperbolic,  the  value  of  Q     at  that 
point  was  replaced  by  the  average  of  the  four  surrounding 
horizontal  points.   A  relaxation  coefficient  of  0.25  was  used 
in  the  solution  of  the  omega  equation.   During  the  forecast 
period,  the  omega  equation  was  solved  once  every  4  hours. 
At  intermediate  time  steps  the  divergence  was  computed  from 
the  wind  field,  and  the  vertical  motion  obtained  by  integrating 


boj_bD  (29) 

with  cu  at  1000  mb  determined  by  (23),  and  W^qq  =  0. 

F if  teen -m inu te  time  steps  were  used  in  preparing  the 
forecasts.   Because  of  the  length  of  time  required  to  run  the 
forecast  program,  it  was  necessary  to  stop  and  restart  the 
forecasts  several  times  during  a  24-hour  period.   Forward 
time  differences  were  used  for  the  first  step  each  time  a 
forecast  was  restarted.   Otherwise,  centered  time  differences 
were  used  for  U  ,  V  ,  and  6      .   Forward  time  differences  were 
always  used  in  forecasting  mixing  ratio  to  conserve  computer 
space,  but  apparently  these  caused  no  difficulties,  since 
mixing  ratio  was  never  allowed  to  exceed  the  saturated  value. 

To  obtain  the  geopotential  field  after  each  time  step, 
the  divergence  equation  was  first  summed  in  the  vertical 
(the  numerical  equivalent  to  vertical  integration),  and  the 
mean  geopotential  for  the  seven  levels  was  obtained  by 
relaxation.   The  geopotential  for  the  seven  levels  was 


11 


95*                                          90-                                          65- 

BO-                               rv                               TO* 

65*                                          6 

y 

/                                    '     ^         \^\' 

\    ',^---5    '     1    J-^-l'^^A 

\  [  y/^°  Y 

40* 

^^.>,^\    \;\^ 

\     \"'^    u-       1/     \  ^ 

to- 

/  MIN          \\       \          \         V\_ 

r 

V  Vwr^7  J 

i\V\  \  w 

«• 

iwV 

i 

125 

f 

y     y 

y    X 

^\f// 

Ifw^ 

iV 

^Xy^^^ 

{' 

/   / 
1    \(j 

/V'     '"*>y,         \          \     *        *"'^       V 

\  XH 

20* 

\ 

5 

\ 

^^.^^^^r:::::::^ 

g5 

30" 
20- 

iSS 

"---1__^          T 

-^ (''  MAX 

,'"'  ,-?c. 

1000  MB 

STREAMLINES  8  ISOTACHS 

AUGUST  27.  1962 

1200   GMT 

y 

^::::..^'X ^T;— 

^^^I^^^ssz^ 

~~l--. 

1            ,;m 

J      .       .       ,     ^-T-T  «. 

'S 

V                               90-                               »s- 

eO'                                     75"                                      TO- 

M-                       «r-  1 

Figure  2a.    Initial  data  for  1200  GMT; 
August  27,  1962;  1000-mb  streamlines. 


Figure  2b.     Initial  data  for  1200  GMT; 
August  27,  1962;  1000-mb  heights. 
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Figure  2c.    Initial  data  for  1200  GMT; 
August  27,  1962;  250-mb  streamlines. 


Figure  2d.     Initial  data  for  1200  GMT; 
August  27,  1962;  250-mb  heights. 
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calculated  from  the  mean  virtual  temperatures  between  levels 
and  the  mean  heights.   This  procedure  avoids  the  problem  of 
too  rapid  deepening  of  the  surface  vortex  that  results  if  the 
hydrostatic  equation  is  integrated  downward  to  obtain  the 
height  field,  while  the  heights  of  some  upper  level,  say 
100  mb  are  held  fixed  (Rosenthal,  1964).   Conversely,  if  one 
integrates  upward,  after  having  determined  the  heights  of 
the  1000-mb  surface  in  some  way  (e.g.,  by  relaxation  of  the 
divergence  equation  after  forecasting  the  winds  at  that 
level),  warming  of  the  tropical  atmosphere  at  some  upper  level 
will  result  in  an  unr ea 1  is t ica 1 ly  large  rise  in  the  height  of 
the  100-mb  surface.   The  methods  used  here  seem  to  eliminate 
both  difficulties,  and  warming  of  the  atmosphere  results  in 
moderate  deepening  at  the  surface  and  a  small  rise  in  the 
height  of  the  100-mb  surface. 

Our  prediction  model  has  been  tested  on  a  relatively 
small  geographical  area  because  of  the  relatively  small 
computer  available  to  NHRL .   Influences  outside  the  boundary 
can  and  usually  do  affect  forecasts  inside  an  area  of  this 
size  within  24  hours.   For  this  reason  the  model  needed  a 
t ime -depend  en t  lateral  boundary,  with  values  on  the  boundary 
being  supplied  by  the  forecast  of  the  broad  scale  motion; 
however,  the  problem  of  meshing  a  forecast  from  a  small  area 
and  grid  with  that  from  a  larger  area  and  grid  has  not  been 
satisfactorily  resolved. 

In  testing  the  model,  forecasts  could  be  made  in  two 
ways,  i.e.,  with  boundaries  held  fixed  or  specified  from 
known  values  obtained  from  successive  analyses.   The  bound- 
aries in  the  following  two  experiments  were  kept  constant 
during  the  forecast  period. 


5.   DEVELOPMENT  OF  HURRICANE  ALMA  (1962) 

The  disturbance  that  grew  into  Hurricane  Alma  was  first 
sighted  by  TIROS  V  in  the  eastern  Atlantic  on  August  14,  1962 
(Dunn  and  staff,  1963).   Four  days  later  a  weak  center  was 
located  by  aircraft  near  12.50N,  51°W,  and  by  August  21  it 
had  reached  the  Lesser  Antilles  (fig.  3).   Little  or  no 
development  occurred  until  the  morning  of  August  26,  when 
deepening  began  off  the  east  coast  of  Florida.   The  center 
progressed  nor th -nor theas t ward ,  reached  tropical  storm  in- 
tensity on  the  27th,  and  became  a  hurricane  north  of  the 
Virginia  Capes  for  about  12  hours,  with  the  maximum  sustained 
winds  of  80  kt  being  reported  by  reconnaissance  aircraft 
(Dunn  and  staff,  1963).   The  lowest  reported  sea  level  pressuri 
in  the  center  of  the  hurricane  was  about  988  mb . 
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Figure  3.    Positions  of  the  wave  axis  at  the  1000-mb  surface, 
August  21-27,  1962.   Crossed  circles  indicate  positions  of 
the  vortex  center  (Lateef  and  Smith,  1967). 


The  initial  data  used  in  this  experiment  covered  the 
3-day  period  August  2  5-27.   The  data  were  analyzed  for  another 
purpose  (Lateef  and  Smith,  1967)  and  were  not  specifically 
prepared  for  this  model.   Streamline,  isotach,  and  height 
analyses  were  performed  for  the  seven  levels,  and  mixing  ratio 
for  five  levels  up  to  400  mb .   At  250  and  100  mb ,  mixing 
ratios  were  computed  on  the  basis  of  an  assumed  relative 
humidity  of  60  percent.   The  air-sea  temperature  difference 
was  assumed  to  be  a  constant  2^0,  and  the  differences  between 
the  air-sea  dew  point  temperatures  were  assumed  to  be  S^C, 
since  no  water  temperatures  were  available.   Temperatures 
were  computed  from  the  geopotential  field,  with  all  other 
initial  data  being  taken  from  the  analyses. 

The  first  portion  of  the  experiment  began  with  data  for 
1200  GMT,  August  27,  when  the  center  of  the  disturbance  was 
located  just  off  the  northeast  Florida  coast.   Maximum  winds 
were  about  30  kt  east  of  the  center,  and  the  minimum  sea  level 
pressure  was  about  1006  mb .   The  first  advisory,  issued  at 
1830  GMT,  stated  that  maximum  winds  were  30  to  4-0  mph  east  of 
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the  center,  with  a  few  squalls  of  45  mph.  The  initial  stream- 
line and  height  analyses  for  the  1000-mb  and  2 5 0 -mb  levels  are 
shown  in  figure  2. 

5.1   Evolution  of  Wind  and  Pressure  Systems 

During  the  initialization  process,  the  low  level  vortex 
was  weakened  slightly.   At  the  end  of  30  min   the  central 
pressure  had  risen  a  little  less  than  2  mb .   No  significant 
changes  in  intensity  were  observed  for  the  next  several  hours, 
but  deepening  began  during  the  6-to  12-  hour  portion  of  the 
forecast,  and  at  the  end  of  12  hours  the  central  pressure 
was  about  1004  mb ,  and  the  maximum  winds  were  again  about 
30  kt  .   Slow  intensification  continued  for  several  hours,  w.ith 
rapid  deepening  taking  place  during  the  last  3  or  4  hours 
of  the  24-hour  forecast.   The  forecast  winds  at  1000,  850, 
and  240  mb  are  shown  in  figure  4.   The  forecast  heights  for 
1000  and  250  mb  are  shown  in  figure  5,  and  the  forecast 
height  changes  for  these  two  levels  are  shown  in  figure  6. 
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Figure  4b.    A  24-hour  forecast  of  the  winds  at  850  mb 
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Figure  4c.    A  24-hour  forecast  of  the  winds  at  25  0  mb 
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Figure  5a.    Twenty-four-hour  forecast  heights  (meters,  de 
parture  from  mean  tropical  atmosphere)  at  1000  mb . 


Figure  5b.    Twenty-four-hour  forecast  heights  (meters,  d e 
parture  from  iiean  tropical  atmosphere)  at  25  0  rab  . 
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1200  GMT;  August  28,  1962. 


Figure  7b.    Sea  level  pressure  for  1200  GMT;  August  28,  1962 
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analyses  (fig.  4) .  The  average  inflow  at  1000  mb  at  a  radius 
of  three  grid  lengths  was  about  14  kt,  while  the  average  out- 
flow at  250  mb  was  nearly  21  kt.  These  values  are  rypical  (see 
Miller,  1962;  1964;  1965;  Colon,  1961).   The  advisory  issued 
at  1600  GMT,  August  28,  stated  that  maximum  winds  were  about 
60  mph  (52  kt),  but  later  in  the  afternoon  reconnaissance 
aircraft  reported  winds  of  80  kt,  and  Alma  had  reached 
hurricane  status.   The  low  level  center  at  the  end  of  2U 
hours  was  near  36.0ON,  76.0OW,  while  the  best  track  position 
at  1200  GMT,  August  28,  was  35.2°N,  75.3°W.   This  is  slightly 
to  the  left  of  the  observed  track^which  is  probably  to  be 
expected,  since  the  boundaries  were  held  constant  during  the 
forecast  . 

Initially  there  was  an  anticyclone  at  250  mb  to  the 
southeast  of  the  surface  vortex  (see  fig.  2).   At  the  end 
of  the  forecast  period,  the  maximum  heights  at  250  mb  were 
near  -  slightly  to  the  east  and  northeast  of  -  the  surface 
center  (fig.  5),   This  does  not  appear  to  be  the  same  anti- 
cyclone, but  a  new  development  created  by  the  release  of  latent 
heat.   It  is  interesting  to  compare  our  results  with  the 
hypothesis  expressed  by  Dunn  and  staff  (1963). 
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The  results  of  our  prediction  model  seem  to  support  Dunn's 
explanation.   Height  rises  of  around  100  m  in  24  hours  were 
forecast  at  250  mb  northeast  of  the  surface  vortex  (fig.  6). 
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•     TRACK    OF    200MB 

*     TRACK    OF    ALMA 

TIMES     1200GMT 


ANTICYCLONE 


Figure  8.    Tracks  of  surface  vortex  and  200-mb  anticyclone, 
August  22-28,  1962  (Dunn  and  staff,  1963). 


At  the  1000-mb  level,  falls  of  about  225  m  (equivalent  to  a 
pressure  drop  of  about  25  mb )  were  forecast  just  off  the  North 
Carolina  coast.   Actual  24-hour  pressure  falls  of  this  mag- 
nitude were  observed  in  that  area. 

5.2   Thermal  Structure 

Numerous  case  studies  of  tropical  cyclones,  based  on 
aircraft  data  collected  during  the  past  12  years,  have  con- 
firmed that  the  development  of  tropical  cyclones  is  accom- 
panied by  intense  warming  of  the  upper  troposphere   (Colon 
and  staff,  1961;  Yanai,  1961;  LaSeur  and  Hawkins,  1963; 
Hawkins  and  Rubsam,  1968).   Our  model  successfully  predicted 
the  upper  level  warming  (figs.  9  and  10) . 

Figure  9  shows  the  24-hour  temperature  changes  that 
were  forecast  at  250  mb .   Maximum  warming  was  of  the  order  of 
10°  to  12°C,  which  is  realistic  for  a  minimal  hurricane,  but 
the  geographical  area  covered  by  the  warming  is  too  large 
because  the  grid  size  (140  km)  is  too  large  to  permit  good 
resolution  of  the  hurricane  scale  motion.   The  low  level 
vortex  (fig.  5)  is  also  too  large  in  diameter.   As  the  vortex 
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250   MB    24-HR FCSI 
TEMPERATURE   CHANGE 
AUGUST  28,1962 
VT    1200  GMT 


Figure  9.    Twenty-four-hour  temperature  forecast  (°C)  at  250  mb 


70°  >P   -60°     -50°     -40°     -30°     -20°     -10' 


Figure  10.    Forecast  temperatures  at  point  Of  lowest  pressure, 
Curve  A,  compared  with  mean  tropical  sounding,  Curve  B. 
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progressed  northward,  a  region  of  strong  downward  motion 
developed  to  the  rear  of  the  center.   This  is  a  realistic 
phenomenon,  and  part  of  the  warming  to  the  south  of  the  sur- 
face center  can  be  attributed  to  warming  by  subsidence.   Anoth- 
er interesting  feature  is  the  relative  minimum  in  the  amount 
of  warming  over  land  just  west  of  the  surface  centeTjwhich 
probably  can  be  attributed  to  the  absence_of  the  oceanic 
heat  source  (Miller,  1964). 
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6.   SOME  OTHER  RESULTS 

Three  additional  forecasts  have  been  made.   One  was  based 
on  the  Alma  data  with  initial  time  48  hours  earlier  than  the 
forecast  described  in  preceding  sections.   At  that  time 
(1200  GMT,  August  25)  a  weak  vortex  was  located  near  the  north 
coast  of  Cuba  (fig.  8).   There  was  little  or  no  development 
for  the  first  15  hours,  but  at  the  end  of  17  hours  the  forecast 
"blew  up",  apparently  because  the  omega  equation  failed  to 
converge  during  the  balancing  procedure  after  16  hours.   The 
forecast  was  terminated  after  17  hours. 

Both  forecasts  were  rerun  after  the  following  changes 
had  been  made  in  the  input  parameters: 

1.  The  air-sea  temperature  difference  was  reduced  from 
2  .0°C  to  1  .  50c. 

2.  The  value  for  the  eddy  viscosity  for  vertical  mixing 
was  reduced  by  one-third. 

3.  Heating  due  to  the  large  scale  vertical  motion  (12) 
was  not  permitted  unless  the  relative  humidity  was  100  per- 
cent.  In  addition,  the  maximum  value  for  this  heating  was  set 
equal  to~*-/Q     ^s/Xf  '  which  greatly  reduced  the  influence  of 
the  heating  from  the  large  scale  vertical  motion. 
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Forecasts  for  both  days  (1200  GMT,  August  25  and  1200  GMT, 
August  27)  were  rerun  out  to  24  hours.   In  both  cases,  the 
initial  vortex  moved  in  an  approximately  steady  state  with 
little  or  no  changes  in  intensity  during  the  forecast  period. 
Movement  in  both  cases,  however,  was  forecast  quite  well. 


7.   SUMMARY  AND  CONCLUSIONS 

Only  limited  conclusions  can  be  drawn  from  these  results, 
since  the  forecast  domain  was  rather  small.   However,  it  is 
perhaps  safe  to  say  that  the  features  forecast  in  the  de- 
veloping case  were  too  realistic  to  be  purely  accidental. 
These  features  included  good  forecasts  of  low  level  inflow, 
high  level  outflow,  upper  level  warming,  and  the  development 
of  an  upper  level  anticyclone,  intensification  of  the  surface 
vortex,  and  a  movement  that  resulted  in  an  error  somewhat  less 
than  one-half  that  which  is  considered  acceptable  in  24-hour 
forecasts  (Dunn   et  al.,  1968). 

Future  experiments  include  testing  the  model  on  addi- 
tional cases  and  use  of  a  bigger  forecast  domain.   Attempts 
should  be  made  to  evaluate  the  t ime -d ependen t  terms  in  the 
divergence  and  omega  equations,  and  the  effects  of  the  air- 
sea  temperature  differences  on  both  development  and  movement 
should  be  investigated  on  the  basis  of  real  sea  surface  tem- 
perature data,  where  available.   Effects  of  the  large  scale 
vertical  motion  on  development  or  nondeve  lo pmen t  should  also 
be  as  s  es  s  ed  . 
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EXPERIMENTS  WITH  A  NUMERICAL  MODEL  OF 
TROPICAL  CYCLONE  DEVELOPMENT. 
SOME  EFFECTS  OF  RADIAL  RESOLUTION 


Stanley  L.  Rosenthal 
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ts  with  10-km  and  20-km  radial  reso- 
ared.   The  10-km  calculation  yields 
re  realistic  structure.   The  20-kra 
ontain  a  well-defined  eye,  whereas 
iment  does.   Rainfall,  kinetic  ener- 
and  efficiency  are  all  larger  with 
n.   In  both  experiments,  computation- 
n  important  component  of  the  kinetic 
however,  the  total  dissipation  of 
(computational  plus  explicit)  is 
le  in  comparison  to  that  found  in 
es.   This  result  provides  an  esti- 
y  viscosity  coefficients,  which 

to  obtain  realistic  results  with 
e  numerical  model. 


1.   INTRODUCTION 

A  recent  report  (Rosenthal,  1969)  described  our  tropical 
cyclone  model  and  showed  the  results  of  a  preliminary  calcula- 
tion (Experiment  I).   We  concluded  that  the  model  could  sim- 
ulate the  life  cycle  of  tropical  cyclones  with  some  degree  of 
reality  despite  obvious  deficiencies.   Prominent  among  these 
was  the  rather  coarse  radial  resolution  (20  km  between  grid 
points)  that  had  been  adopted  for  computational  economy. 

For  purposes  of  comparison,  the  results  of  an  experiment 
with  10-km  resolution  are  presented  in  section  2.   Because 
economic  considerations  dictate  that  we  continue  to  use  20-km 
resolution  for  test  calculations,  the  material  presented  here 
is  an  important  benchmark  for  assessing  the  effects  of  resolu- 
t  ion  errors  . 


2.   REVIEW  OF  THE  MODEL 
For  details  concerning  the  model,  the  reader  is  referred 


to  our  earlier  report  (Rosenthal,  1969).    We  assume  the  storm 
to  be  circularly  symmetric.   The  vertical  coordinate  is  geo- 
metric height;  table  1  lists  the  information  levels. 


Table  1.   Heights  and  Mean  Pressures  of  the  Information  Levels 


Leve  1 


Height  (m) 


Mean  Pressure  (mb)* 


0 
1,054 
3  ,  187 
5,898 
9  ,697 
12  ,423 
16,621 


015 
900 
700 
500 
300 
200 
100 


*The  mean  pressures  are  approximate  and  are  based  on  a  mean 
hurricane  season  sounding  (Hebert  and  Jordan,  1959). 


Dependent  variables  are  defined  at  all  levels.   At  the 
radial  limit  of  the  computational  domain  (440  km),  the  system 
is  open,  and  the  boundary  conditions  are  zeros  for  relative 
vorticity,  horizontal  divergence,  and  radial  gradient  of  po- 
tential temperature.   At  level  1,  the  vertical  motion  is  zero. 
The  vertical  integral  of  the  mass  divergence  from  level  1  to 
level  7  is  also  required  to  be  zero.   This,  with  a  simplified 
form  of  the  continuity  equation  (see  app.),  forces  the  verti- 
cal motion  to  vanish  also  at  level  7. 

Air-sea  exchanges  of  sensible  and  latent  heat  are  treated 
implicitly  through  steady-state  assumptions  for  relative  hum- 
idity and  temperature  at  the  two  lowest  levels. 

Cyc lone -s ca le  heating,  attributable  to  the  presence  of 
organized  systems  of  cumulonimbi,  is  simulated  by  a  convective 
adjustment  of  the  lapse  rate  toward  a  ps eudoad iaba t  represent- 
ative of  parcel  ascent  from  the  surface  boundary  layer.   The 
rate  at  which  this  adjustment  is  allowed  to  take  place  is  de- 
termined by  the  constraint  that  all  water  vapor  converging  in 


The  appendix  to  this  report  summarizes  the  basic  equa- 
tions and  the  computational  cycle. 


the  boundary  layer  rises  in  convective  clouds,  c ondens es , and 
falls  out  as  rain  (see  app.).   For  activation  of  the  convective 
heating  function,  the  required  conditions  are  boundary  layer 
convergence  and  conditional  instability  for  parcels  rising  from 
the  boundary  layer. 

After  convection  has  been  operative  for  some  time,  lapse 
rates  become  coincident  with  the  reference  ps eudoad iab a t  (see 
Rosenthal,  1969,  fig.  8).   In  Experiment  I,  the  release  of  la- 
tent heat  was  terminated  when  this  occurred.   The  so-called 
" large -s c a le "  precipitation  to  be  expected  with  macroscale  as- 
cent of  statically  stable,  or  neutral,  saturated  air  was,  there- 
fore, neglected.   The  new  experiments  attempt  to  include  this 
second  source  of  latent  heat  by  use  of  a  technique  employed  in 
previous  hurricane  models  (Yamasaki,  1968). 

"Large-scale"  precipitation  is  activated  only  after  con- 
vection has  neutralized  the  conditional  instability  along  a 
vertical.   When  the  macroscale  vertical  motion  is  upward  along 
such  a  vertical,  the  macroscale  relative  humidity  is  assumed 
to  be  100  percent.   Except  for  the  effects  of  eddy  diffusivity 
(which  are  ignored  for  this  purpose)  the  macroscale  motion  must 
then  be  along  a  ps eudoad iabat  which  coincides  with  the  actual 
thermal  stratification  of  the  atmosphere,  and,  therefore,  adia- 
batic  cooling  is  exactly  balanced  by  "large-scale"  condensation; 
the  temperature  at  a  given  point  in  space  is,  therefore,  unaf- 
fected . 

The  numerics  of  the  model  are  extremely  simple:   advec- 
tion  terms  are  calculated  by  upstream  differences,  and  time 
derivatives  are  estimated  by  forward  differences;  nonadvective 
space  derivatives  are  calculated  as  centered  differences.   This 
scheme  contains  substantial  computational  damping.   As  partial 
compensation  for  the  numerical  damping,  dissipative  effects 
associated  with  vertical  mixing  of  momentum  by  small-scale  ed- 
dies are  neglected  (except  at  the  air-sea  interface  where  they 
are  treated  as  drag).   Further  discussion  on  this  point  is 
found  in  section  9. 


2While  a  series  of  experiments  to  be  reported  on  at  a 
future  date  includes  an  explicit  prediction  of  the  specific 
humidity,  neither  Experiment  I  nor  the  new  experiments  des- 
cribed here  include  specific  humidity  as  a  dependent  variable. 
The  assumptions  which  allow  us  to  proceed  without  an  explicit 
forecast  of  water  vapor  have  already  been  listed;  the  time  in ■ 
variance  of  the  boundary  layer  relative  humidity,  and  the  re- 
quirement that  all  water  vapor  that  converges  in  the  boundary 
layer  rises  in  convective  clouds,  condens es^ and  falls  out  as 
rain.  It  is  further  assumed  that  the  boundary  layer  relative 
humidity  is  100  percent. 

3 


Grid  points  in  the  radial  direction  are  staggered.  Hori 
zontal  velocity  is  defined  at  the  radii 


rj 


T^rO^^  ^-^^-- 


(1) 


whereAV  is  the  grid  increment.   Temperature,  pressure  and  ver- 
tical motion  are  defined  at 


^r-^H')^^)  i"^^^ 


(2) 


3.   DESIGN  OF  EXPERIMENTS  DIO  AND  D20 

The  two  new  experiments  are  designated  DIO  and  D20.   Ex- 
cept for  the  release  of  latent  heat  by  large-scale  precipita- 
tion (see  sec.  2),  the  physics  of  DIO  and  D2 0  are  identical  to 
Experiment  I;  DIO  and  D20  differ  from  each  other  only  in  the 
radial  and  temporal  increments.   Basic  parameters  for  the  three 
experiments  are  summarized  in  table  2.   Initial  conditions  are 
identical  and  consist  of  a  weak,  nondivergent  vortex  in  gra- 
dient balance.   The  method  by  which  this  state  of  balance  is 
achieved  has  already  been  described  (Rosenthal,  1969).   Strong- 
est winds  at  the  initial  instant  are  about  7  m-sec~-^  and  are 
located  at  a  radius  of  250  km;  the  central  pressure  at  this 
t  ime  is  10  13  mb . 


4.   LIFE  CYCLE  AND  STRUCTURE  AT  SEA  LEVEL 

3 
The  evolution  of  central  pressure   and  maximum  surface 

wind  for  Experiments  I  and  D20  are  shown  in  figure  1.   We  find 

differences  only  after  168  hours,  when  D20  is  somewhat  more 

intense.   This  difference  is  entirely  due  to  the  large-scale 

precipitation  included  in  D20  but  not  in  Experiment  I.   Before 

144  hours,  precipitation  in  both  experiments  is  entirely  con- 

vective.   Thereafter,  D20  is  supplied  latent  heat  by  both  types 

of  prec ip itat ion , whereas  Experiment  I  receives  energy  only 

through  the  convective  release  of  latent  heat.   The  latter  proc 

ess  supplies  energy  in  continually  decreasing  amounts  as  more 


-^Pressure  is  not  defined  at  zero  radius  because  of  the 
grid  staggering  ( eqs .   (1)  and  (2).   For  experiments  I  and  D20 . 
central  pressure  is  pressure  at  2,  "*-*»  V  ~^^    ^^ '       For  Experiment 
DIO,  central  pressure  is  that  at  '2  =0j  X"   =5  km. 


Table  2.   Some  Experimental  Parameters. 


Parameter 

Experiment 
I 

Exper  imen  t 
D20 

Exper  imen t 
DIO 

Kinematic  coefficient 
of  eddy  viscosity  and/ 
or  eddy  conductivity 
for  lateral  mixing 

lO^m^-sec"-^ 

s  ame 

s  ame 

Kinematic  coefficient 
of  eddy  viscosity  for 
vertical  mixing 

TO  2       -1 

10m  -sec 
at  leve 1  1 ; 
zero  els  e  - 
wh  e  r  e 

s  ame 

s  ame 

Drag  coefficient 

3  X  10-3 

s  ame 

s  ame 

Coriolis  parameter 

5X10"^sec-l 

s  ame 

same 

Time  increment 

120  sec 

120  sec 

60  sec 

Radial  increment 

20  km 

20  km 

10  km 

Radial  extent  of  comp- 
utational domain 

440  km 

s  ame 

s  ame 

Latent  heat  by  large- 
scale  precipitation 

no 

yes 

yes 

more  of  the  storm  is  neutralized  with  respect  to  ps eudoad iaba t ic 
ascent  (Rosenthal,  1969,  fig.  6) 


The  analogous  data  for  Experiment  DIO  are  shown  in  fig- 
ure 2.  Differences  between  DIO  and  D20  are  relatively  minor. 
Peak  intensity  for  DIO  is  reached  about  24  hours  earlier  than 
for  D20.   Also,  DIO  decays  somewhat  more  rapidly  than  D20.  At 
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Figure  1.   Top:   Maximum  surface  wind  as  a  function  of  time, 
Experiment  I  and  D20.   Bottom:   Central  pressure 
as  a  function  of  time,  Experiment  I  and  D20. 
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Figure  2.   Top:   Maximum  surface  wind  as  a  function  of  time. 
Experiment  DlO.   Bottom:   Central  pressure  as  a 
function  of  time.  Experiment  DlO. 


peak  intensity,  however,  the  maximum  surface  wind  for  DIO  is 
only  about  1  m-sec~l  greater  than  that  for  D2 0 .   Minimum  cen- 
tral pressure  for  DIO  is  only  3.5  mb  less  than  for  D20. 

On  the  basis  of  a  recent  calculation  by  Ooyama  (1968), 
greater  differences  between  D10_ and  D20  had  been  expected. 
Ooyama  (1968)  compared  results  of  his  model  (Ooyama,  1967)  for 
different  grid  sizes  with  the  numerical  integration  scheme 
used  here.   He  found  computational  damping  to  decrease  markedly 
as  the  radial  resolution  was  refined.   Significantly  stronger 
winds  and  deeper  central  pressure  were  found  with  the  smaller 
grid  increments.   Such  a  result  is  generally  to  be  expected 
with  upstream  differencing  (see  e.g.,  Molenkamp,  1968a).   The 
rather  minor  differences  between  DIO  and  D20  were,  therefore, 
surpr  is  ing . 


Figure  3  shows  that  D20  gives  a  larger  s 
stantially  longer  period  of  hurricane  force  wi 
ment  DIO,  the  strongest  winds  and  vertical  mot 
er  to  the  storm  center  than  is  the  case  for  D2 
such  a  result  might  be  anticipated  with  more  c 
grid  points.  However,  part  of  the  explanation 
tie.  Ooyama's  (1967)  study  as  well  as  a  serie 
with  our  model  (sec.  9)  indicate  maximum  winds 
motions  occur  closer  to  the  storm  center  when 
mixing  coefficients  are  used.  Although  the  ex 
cient  of  lateral  mixing  is  identical  for  DIO  a 
calculations  contain  a  computational  lateral  m 
produced  by  upstream  differencing  of  advection 
The  implicit  or  computational  lateral  mixing  i 
to  the  grid  increment  and,  hence,  is  smaller  i 
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From  figure  3  we  also  find  that  the  region  covered  by 
winds  in  excess  of  gales  continually  expands  in  Experiment  D20, 
whereas  in  Experiment  DIO  gale  force  winds  are  constrained  to 
lie  within  200  km  of  the  storm  center.   One  might  first  attempt 
to  explain  this  difference  on  the  basis  of  the  larger  computa- 
tional lateral  viscosity  appropriate  to  D20.   However,  other 
experiments  with  20-km  resolution  in  which  the  explicit  lateral 
viscosity  was  reduced  showed  the  region  covered  by  gales  to 
expand  even  more  rapidly  than  it  does  in  D20.   After  examina- 
tion of  the  thermal  structures  yielded  by  these  experiments 
(not  reproduced  here),  as  well  as  the  results  from  DIO  and  D20, 
we  arrived  at  the  explanation  given  below. 


Just  prior  to  the  time  at  which  lapse  rates  become  coin- 
cident with  the  reference  ps eudoad iaba ts  ,  condensation  heating 
and  adiabatic  cooling  very  nearly  cancel  each  other.   The  major 
effects  at  this  time  on  the  local  potential  temperature  tend- 
ency seem  to  be  horizontal  advection  and  lateral  diffusity 
(both  computational  and  explicit). 
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Figure  3.   Radii  of  maximum  surface  wind  and  maximum  vertical 

motion  at  1054-m  level.  Outer  and  inner  limits  of 

gale  and  hurricane  force  winds  at  the  surface.   Top 
Experiment  D20.   Bottom:   Experiment  DIG. 


Now,  consider  the  upper  troposphere  where  the  strongest 
temperature  gradients  are  found  and  further  consider  the  case 
where  the  total  diffusivity  becomes  vanishingly  small.   In  such 
a  situation,  there  will  be  a  tendency  for  the  temperature  pat- 
tern to  be  advected  away  from  the  storm  center.   As  time  passes, 
the  strongest  temperature  gradients  will  be  found  at  larger 
and  larger  radii.   On  the  other  hand,  in  situations  where  the 
diffusivity  is  more  important,  there  will  be  a  tendency  for 
the  thermal  pattern  to  decay  in  s  itu  .which  could  counteract 
the  advective  effect. 

This  appears  to  explain  the  increased  rate  of  expansion 
of  the  storm  as  the  explicit  lateral  viscosity  is  decreased 
with  fixed  radial  resolution.   It  is  also  supported  by  results 
obtained  with  a  more  advanced  version  of  the  model  (footnote 
2).   In  a  series  of  experiments  (both  10-and  20-km  resolution), 
the  explicit  lateral  mixing  coefficients  for  momentum  and  water 
vapor  were  fixed  at  lO^m^-sec"!  and  lO^m  -sec"  ,  respectively; 
the  coefficient  for  heat  was  varied  between  10^  and  lO^m-^-sec"  , 
With  the  larger  value,  the  region  covered  by  gales  reached  a 
maximum  size  and  did  not  increase  thereafter.   With  the  smaller 
value,  the  results  were  similar  to  that  obtained  in  D20, 
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The  differences  between  DIO  and  D20  are  explained  by  the 
fact  that  in  the  former  case  the  finer  resolution  allows  the 
model  to  concentrate  temperature  gradients  in  the  inner  50  to 
60  km  of  the  storm.   In  this  region,  at  the  mature  stage,  large' 
scale  precipitation  was  present.   Hence,  the  temperature  gra- 
dients could  not  be  advected  outward.   On  the  other  hand,  Ex- 
periment D20,  because  of  the  coarser  resolution,  built  a  broad- 
er region  of  significant  temperature  gradient  which  extended 
beyond  the  region  of  large-scale  precipitation  and,  therefore, 
was  subjected  to  the  outward  advection  discussed  above. 

One  final  aspect  of  figure  3  should  be  noted.   In  both 
experiments,  the  largest  boundary-layer  vertical  motion  occurs 
inside  the  maximum-surface  wind.   This  is  in  contrast  to 
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Ooyama ' s  (1967)  results  and  is  explicable  (Ooyama,  1968)  by 
his  use  of  the  grad ien t -wind  assumption  in  the  boundary  layer. 

Radial  profiles  of  surface  wind  and  surface  pressure  at 
the  t im^  of  deepest  central  pressure  are  shown  in  figure  4. 
The  profiles  for  both  experiments  are  quite  realistic;  however, 


UJ 

Q. 

o 

z 


ll. 

CO 


uu 

1         1         1         1         1         1          1         1 

. 

40 

_l\                                    EXP    DIO 

- 

30 

\ 

- 

20 

-         \ 

- 

L                      X^^ 

■ 

10 

^^"----^^^ 

- 

rt 

1         1        1         1         1         1        1         1        1 

- 

a 

o 

z 


o 

< 
ll. 

(T 
V) 


50  I 1 1 1 1 1 1 1 1 r 


EXP  D20 


100         200         300         400        500 
RADIUS     (KILOMETERS) 


0  100         200         300        400         500 

RADIUS    (KILOMETERS) 


1015 

1       1        1 

1        1        1        1 

I       I 

- 

1010 

-      Z' 

- 

1000 

-/ 

EXP 

DiO 

- 

990 

-/ 

- 

980 

1 

- 

970 
Ckdn 

1        1        1 

1       1       1       1 

1 

- 

100         200        300        400        500 
RADIUS     (KILOMETERS) 


960 


100         200         300        400 
RADIUS  (  KILOMETERS) 


500 


Figure  4.   Radial  profiles  of  surface  wind  speed  and  surface 
pressure.   Left:   Experiment  DlO  at  168  hours. 
Right:   Experiment  D20  at  192  hours. 
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as  already  indicated  by  figure  3,  DlO  yields  a  much  more  com- 
pact storm  with  greater  concentration  of  wind  speed  and  pres- 
sure deficit  in  the  inner  core. 


5.   VERTICAL  CROSS  SECTIONS 

Figures  5  through  8  compare  vertical  cross  sections  of 
tangential  wind,  temperature  anomaly,  radial  wind,  and  verti- 
cal motion  for  experiments  DlO  and  D20.   As  before,  the  data 
are  appropriate  to  the  time  of  deepest  central  pressure.   Both 
experiments  provide  quite  realistic  storm  structure  (compare 
with  empirical  results  of,  for  example,  Hawkins  and  Rubsam, 
1968)  . 

A  number  of  important,  if  subtle,  improvements  in  struc- 
ture are,  however,  found  in  DlO.   In  figure  6,  we  note  that 
between  radii  of  50  and  150  km,  D20  yields  greatest  temperature 
anomoly  at  500  mb .   This  somewhat  unrealistic  feature  was  al- 
so found  in  Experiment  I  (Rosenthal,  1969)  and  is  substantially 
improved  in  DlO . 

The  results  of  Experiment  I  (Rosenthal,  1969)  showed 
maximum  outflow  at  the  100-mb  level,  and,  from  figure  7,  we 
see  that  this  is  also  the  case  with  D20.   On  the  other  hand, 
DlO  shows  an  outflow  pattern  more  consistent  with  ideas  of 
previous  writers  (see,  for  example,  Hawkins  and  Rubsam,  1968). 

Experiment  I  showed  20-km  resolution  to  be  insufficient 
for  resolving  the  eye  dynamics.   As  a  result,  subsidence  at 
the  storm  center  was  not  a  permanent  feature  of  the  mature 
stage  but  rather  a  feature  that  appeared,  d is s appeared ,  and 
reappeared  (Rosenthal,  1969).   A  similar  result  is  found  for 
Experiment  D2 0 ,  as  is  verified  by  inspecting  figure  8.   Experi- 
ment DlO,  on  the  other  hand,  shows  a  distinct  region  of  sub- 
sidence at  the  storm  center,  and  this  persists  throughout  the 
mature  s  tage . 


6.   PRECIPITATION  AND  EFFICIENCY 

Rainfall  rates,  averaged  over  the  inner  100  km,  are 
shown  in  figure  9.   Experiments  DlO  and  D20  both  give  fairly 
reasonable,  if  somewhat  large  ,  precipitation.   Rainfall  is 


^The  tendency  for  the  rainfall  to  be  on  the  heavy  side 
was  also  found  in  Experiment  I.   This  appears  to  be  directly 
attributable  to  the  absence  of  a  mechanism  for  atmospheric  stor- 
age of  water  vapor.   Newer  experiments  (see  footnote  2)  remedy 
th  is  s  i tuat ion . 
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Figure  5.   Vertical  cross  sections  of  tangential  wind. 
Top:   Experiment  DIG  at  168  hours.   Bottom: 
Experiment  D20  at  192  hours.   Isopleths  are 
labeled  in  m-sec   .   Positive  values  are 
cyclonic  winds. 


13 


TEMP    DEPARTURES  H 
EXP     DIO 
168    HOURS 


100  150         200  250 

RADIUS  (  KILOMETERS) 


300         350 


TEMP  DEPARTURES 
EXP    D20 
192   HOURS 


0_ 


100  150  200  250 

RADIUS  (KILOMETERS) 


350 


Figure  6.   Vertical  cross  sections  of  temperature  ex- 
cess over  the  mean  tropical  atmosphere. 
Top:   Experiment  DlO  at  168  hours.   Bottom: 
Experiment  D20  at  192  hours.   Isopleths  are 
labeled  with  *^K. 
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Figure  7.   Vertical  cross  sections  of  radial  wind.   Top: 
Experiment  DlO  at  168  hours.   Bottom:   Experi 
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Figure  9.   Average  precipitation  (label  should  be  centimeters 
per  day)  over  the  radial  interval  zero  to  100  km. 
Precipitation  values  are  sums  of  the  convective  and 
large-scale  rainfall  rates.   Top:   Experiment  DlO. 
Bottom:   Experiment  D20 . 
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somewhat  less  in  DIO .   In  neither  experiment  does  large-scale 
precipitation  appear  before  the  144th  hour.   Comparison  of  the 
convective  and  large-scale  rainfall  rates  (figure  not  shown), 
shows  that  by  the  end  of  the  calculation  the  rainfall  in  the 
inner  100  km  of  DIO  is  entirely  large  scale;  the  thermal  struc- 
ture there  has  been  neutralized  and  ps eudoad iabat ic  lapse  rates 
prevail.   For  experiment  D20,  on  the  other  hand,  large-scale, 
precipitation  is  never  found  beyond  the  inner  60  km. 

The  main  controlling  factor  for  the  convective  rainfall 
is  the  vertical  motion  at  level  2  (see  app.,  for  Q).   Figure 
10  shows  radial  profiles  of  this  quantity  at  the  times  of  deep- 
est central  pressure.   The  maximum  vertical  motion  for  DIO  is 
about  40  percent  greater  than  for  D20.   Because  of  the  differ- 
ence in  resolution,  D20  builds  a  broader  "eye  wall"  and  the 
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Radial  profiles  of  the  vertical  velocity  at 
level  2.   Left:   Experiment  DIO  at  168  hours 
Right:   Experiment  D20  at  192  hours. 
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average -vert ica 1  motion  over  the  inner  100  km  is  larger  for 
D20.   This  explains  the  larger  average  rainfall  rate  (fig.  9) 
for  D20. 

The  "efficiency"  of  a  tropical  cyclone  is  usually  defined 
as  the  ratio  of  kinetic  energy  production  to  latent  heat  re- 
lease.  Figure  11  shows  average  values  of  these  efficiencies 
for  the  inner  200  km  of  the  two  experiments.   Both  experiments 
give  reasonable  values  (Ooyama^  1968;  Palmen  and  Riehl,  1957), 
but  those  for  D20  are  somewhat  larger. 


7.   GENERATION  OF  AVAILABLE  POTENTIAL  ENERGY 

The  generation  of  available  potential  energy  by  the 
total  release  of  latent  heat  (convective  plus  large  scale)  is 
shown  in  figure  12.  During  the  earlier  phases  of  the  experi- 
ments, the  generation  rates  for  DIO  are  significantly  greater 
than  those  for  D20.  This  is  in  contrast  to  the  total  release 
of  latent  heat  which,  as  we  have  already  seen,  is  larger  for 
D20  . 

In  both  experiments,  generation  during  the  first  200 
hours  or  so  is  largely  limited  to  the  inner  100  km.   Only  late 
in  the  life  cycle  do  the  remaining  portions  of  the  circulation 
becoaie  active  as  generators  of  available  potential  energy. 
Even  then,  however,  generation  beyond  the  inner  100  km  is  quite 
small  in  DIO.   Experiment  D20,  on  the  other  hand,  generates 
substantial  available  potential  energy  in  the  100-  to  400-km  ring 

Compared  with  empirical  data  (Anthes  and  Johnson,  1968), 
the  generation  rates  for  both  experiments  are  of  the  correct 
order  of  magnitude  but  somewhat  too  large.   This  is  probably 
related  to  the  excessive  rainfall  rates  discussed  in  section  6. 


8.   KINETIC  ENERGY  BUDGETS 

Figures  13  and  14  show  that  reasonable  agreement  between 
the  kinetic  energies  of  the  two  experiments  is  achieved  only 
in  the  inner  100  km.  In  the  outer  rings,  the  kinetic  energy 
content  of  D20  is  two  to  three  times  greater  than  that  of  DIO. 
In  the  200-  to  300-km  and  300-  to  400-km  rings,  kinetic  energy 
increases  throughout  the  history  of  D20.  In  DIO,  on  the  other 
hand,  maxima  of  kinetic  energy  are  reached  near  the  end  of  the 
calculation.   In  DIO  the  storm  as  a  whole  (0  to  400  km)  has 


^The  computational  method  is  described  in  the  appendix 
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Figure  11.   Efficiency  of  the  tropical  cyclone.   Efficiency 
is  defined  as  the  ratio  of  the  rate  of  kinetic 
energy  production  to  the  rate  of  condensation 
heating.   Condensation  heating  includes  both  the 
convective  and  the  large-scale  contributions. 
Values  plotted  are  averages  over  the  radial  in- 
terval zero  to  200  km.   Top:   Experiment  DlO . 
Bottom:   Experiment  D20 . 
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Figure  12.   Generation  of  available  potential  energy  by 
condensation  heating  (  total  of  convective 
and  large-scale  releases  of  latent  heat  ) . 
Solid  lines  represent  totals  for  the  radial 
interval  zero  to  400  km.   Dashed  lines  give 
contributions  for  the  radial  interval  zero 
to  100  km. 
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Figure  13.   Variation  with  time 
of  the  kinetic  ener- 
gy content  of  various 
rings  of  the  storm. 
Experiment  D20 . 


Figure  14.   Variation  with  time 
of  the  kinetic  ener- 
gy content  of  various 
rings  of  the  storm. 
Experiment  DlO . 
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clearly  passed  its  maximum  of  kinetic  energy  by  the  end  of  the 
computation,  but  in  D20  the  kinetic  energy  is  increasing  even 
at  this  time  (figs.  15  and  16). 

Components  of  the  kinetic  energy  budgets   are  shown  by 
figures  17  and  18.   Except  for  the  lateral  mixing  term,  the 
components  of  the  D20  budget  are  each  substantially  greater 
than  their  counterparts  in  DIO.   During  most  of  both  experi- 
ments, the  only  positive  contribution  to  the  kinetic  energy 
tendency  is  the  generation  term.   The  only  possible  explan- 
ation for  the  higher  kinetic  energy  content  of  D20  is  that^  in 
comparison  to  DIO,  it  overestimates  the  genaratiori  term.   This, 
in  turn,  can  only  occur  if  D20  overestimates  the  pressure  gra- 
dient force  (see  app.). 


9.   LATERAL  MIXING  AND  PS EUDO -V  IS COSITY 
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Consider  the  simple  advection  equation, 


(3) 


and  the  f in i t e -d i f f erence  analogue  attained  with  upstream  space 
and  forward  time  differences, 


(4) 
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Figure  15.   Variation  with  time  of  the  kinetic  energy 
content   of  various  radial  intervals. 
Experiment  D20. 
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Figure  16.   Variation  with  time  of  the  kinetic  energy 
content  of  various  radial  intervals, 
Experiment  DlO . 
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Figure  17.   Experiment  D20 :   Components  of  the  kinetic 

energy  budget  as  a  function  of  time.   Values 
are  appropriate  to  the  radial  interval  from 
zero  to  400  km  and  are  12-hour  averages. 
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Figure  18.   Same  as  fig.  17  but  for  Experiment  DIO. 
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Figure  19.   Top:   Maximum  surface  wind  as  a  function  of  time 
for  a  series  of  experiments  in  which  the  lateral 
mixing  coefficient  is  varied.   Radial  resolution 
is  20  km.   Bottom:   Central  pressure  as  a  function 
of  time  for  the  same  series  of  experiments. 
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Figure  20.   Actual  time  rate  of  change  of  kinetic  energy  in 

the  radial  interval  zero  to  400  km  for  Experiment 
D20.   Differences  are  taken  over  12  hours  and  cal- 
culations were  made  every  12  hours. 


where  vJ   is  presumed  to  be  positive  and  constant.   It  may  be 
shown  (Molenkamp,  1968a)6  that  the  solutions  of  (4)  approximate 
thos  e  of 


where  the  ps  eudo -v  is  c  os  i  ty  coefficient  (  2)  )  is  given  b; 


(5) 


^  =  4I\jI(i-J^]aa.. 


(6) 


6He  obtains  (5)  and  (6)  by  replacing  the  finite  differ- 


ences in  (4)  with  differential  expressions  obtained  from 
second  order  power      '  '       ^  .   .    .  . 

and  by  use  of  (3). 
found  by  eqi 


)Ower  series  expansions  of  A  in  w^«.^  w^. 

ionforVniaybe 


t  ime  and  space 


and  by  use  of  (3).   A  more  exact  expression  forV  may  be 
found  by  equating  the  exact  solution  of  (4)  to  tha  solution  of 
"^^/^-t,  — "•'VJ^^^y^A- V^<^A/6i^  •      This  yields  two  equations  that 
can  be  solved  for  "\J*f   and   ^^    .   It  may  further  be  shown 


that  (6)  is  an  ap^ 

described  in  this  footnote. 


"\J*f   and  \)         .       It  may  further  be  shown 
proximation  to  the  ^   calculated  by  the  method 
footnote . 
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Figure  21. 


Variation  with  time  of  the  mass  averaged  lateral 
pseudo-viscosity  for  Experiments  DlO  and  D20 . 
Averages  are  taken  over  the  radial  interval  zero 
to  400  km  and  from  level  1  to  level  7. 
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As  noted  in  section  2,  explicit  internal  vertical  mixing 
was  not  included  because  the  numerical  damping  was  believed  to 
provide  sufficient  internal  dissipation.   In  Experiment  I 
(Rosenthal,  1969),  it  was  found  that  the  sum  of  the  computa- 
tional damping  and  explicit  lateral  mixing  gave  a  total  effec- 
tive internal  dissipation  comparable  to  that  produced  by  drag 
friction.   This  rough  one-to-one  relationship  between  internal 
and  surface  dissipation  is  about  that  found  for  some  real 
storms  (Miller,  1962;  Riehl  and  Malkus,  1961)  and  therefore 
provides  some  justification  for  omission  of  the  explicit  ver- 
tical viscosity. 

Additional  information  on  this  matter  is  given  in  figure 
22,  which  shows  the  ps eudo -v is  cos i ty  coefficients  for  vertical 
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Figure  22.   Same  as  fig.  21  but  for  the  vertical 
pseudo-viscosity. 
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mixing  averaged  over  the  entire  storm.   Compared  with  explicit 
eddy  viscosities  suggested  by  previous  hurricane  investigators 
(e.g.  Ooyama,  1967;  Kasahara,  1961),  the  pseudo -viscosities 
are  quite  large.   Vertical  averages  for  individual  100-km  rings 
are  shown  in  figures  23  and  24.   The  magnitudes  are  startling 
especially  in  the  inner  100  km,  where  the  coefficients  approach 
10^  m^-sec~l. 

Since  the  results  of  Experiments  I,  D20,  and  DIO  are  all 
fairly  realistic,  it  seems  reasonable  to  conclude  that  a  model 
written  in  a  nond is s ipat ive  finite  difference  scheme  would  re- 
quire explicit  dissipation  roughly  comparable  in  magnitude  to 
the  ps eudo -v is  CO s i ty . 


10.   SUMMARY  AND  DISCUSSION 

Reduction  of  the  radial  increment  from  20  to  10  km  im- 
proves some  aspects  of  the  storm  structure.   Most  noteworthy 
is  the  appearance  of  a  distinct  region  of  subsidence  at  the 
center,  which  is  analagous  to  the  eye  of  a  real  hurricane. 
With  20-km  resolution,  the  size  of  the  storm  (measured  by  the 
area  covered  by  winds  exceeding  gale  force)  continually  in- 
creases with  time.   In  the  10-km  case,  this  region  is  contained 
within  a  radius  of  200  km  of  the  storm  center. 

The  distribution  of  outflow  in  the  upper  troposphere  is 
also  improved  with  10-km  resolution.   With  the  coarser  resolu- 
tion, outflow  is  largest  at  100  mb .   Such  a  structure  has  no 
empirical  support.   With  10-km  resolution,  the  outflow  pattern 
is  more  acceptable.   The  temperature  anomaly  pattern  is  also 
improved  somewhat  with  10-km  resolution. 

In  comparison  to  10-km  resolution,  20-km  resolution  tends 
to  overestimate  rainfall,  efficiency  and  kinetic  energy  produc- 
tion; generation  of  available  potential  energy  is  underestimated 
While  computational  damping  due  to  upstream  differencing  of  the 
advection  terms  is  substantially  greater  with  20-km  resolution, 
the  deepest  central  pressure  and  the  strongest  surface  winds 
are  almost  the  same  for  the  two  experiments.   The  kinetic  ener- 
gy budgets  for  the  two  experiments  show  the  20-km  experiment 
to  have  substantially  greater  kinetic  energy  and  kinetic  energy 
generation . 

The  rainfall  rates  in  both  experiments  are  reasonable  but 
somewhat  heavy.   This  is  attributable  to  the  lack  of  a  water- 
vapor  storage  mechanism,  which,  in  turn,  is  related  to  the  ab- 
sence of  an  explicit  forecast  of  specific  humidity.   This  de- 
ficiency has  already  been  corrected,  and  the  results  of  a  new 
series  of  experiments  will  be  reported  in  the  near  future. 
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Figure  23. 


Experiment  DIG:   Variation  with  time  of  mass 
averaged  vertical  pseudo-viscosity  for  various 
rings  of  the  storm. 
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Figure    24.        Same    as    fig.     23    but    for    experiment    D20 


34 


As  a  measure  of  the  computational  damping  produced  by 
upstream  differencing,  the  ps eudo -v is  cos i ty  coefficients  derived 
by  Molenkamp  (1968a)  were  presented.   Averaged  over  the  entire 
storm,  the  values  for  lateral  mixing  in  both  experiments  were 
on  the  order  of  10^  m  -sec  •*■  .   The  values  with  20-k'n  resolution 
were  two  to  three  times  larger  than  those  found  with  10 -km 
resolution.   In  both  experiments  the  lateral  pseudo -viscosity 
was  of  the  same  order  of  magnitude  as  the  explicit  lateral 
mix  ing . 


For  vertical  mixing,  the  pseudo -viscosity  coefficients 
were  quite  large  compared  with  eddy  viscosities  generally  ac- 
cepted to  be  valid  for  hurricanes.   Averaged  over  the  storm 

9       _  1 

as  a  whole,  these  pseudo -viscosities  were  40  to  80  m'^  sec  ^. 
When  averaged  only  over  the  inner  100  km,  values  on  the  order 
of  200  to  800  m   sec"-*-  were  obtained.   This  is  over  an  order  of 
magnitude  greater  than  explicit  eddy  viscosities  suggested 
earlier  by  hurricane  modelers. 


In  both  experiments,  the  total  internal  dissipation  (sum 
of  the  explicit  lateral  viscosity,  the  vertical  ps eudo -v is  cos i ty , 
and  the  lateral  pseudo -viscosity)  of  kinetic  energy  is  roughly 
comparable  to  the  dissipation  at  the  lower  boundary  by  drag 
friction.   A  rough  equivalence  between  internal  and  external 
dissipation  is  also  found  in  empirical  studies.   This,  together 
with  the  fact  that  the  major  part  of  the  internal  dissipation 
is  computational  rather  than  explicit,  leads  to  the  conclusion 
that  if  the  model  were  to  be  expressed  in  a  nond is s ipa t ive 
numerical  system,  explicit  lateral  and  vertical  viscosities 
as  large  as  these  ps eudo -v is  cos i t ies  would  be  required  to  ob- 
tain reasonable  results. 
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the  explicit  nonlinear  eddy  viscosity  used  through  the  years  by 
Smagor ins ky  and  his  group  (Smagor insky ,  1963). 
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13.   APPENDIX 

The  basic  system  of  equations,  when  circular  symmetry   is 
as  sumed ,  is 


t-^^-^^-i-  ->|(f^.^)+^|fte(Jl)] 


(A-l) 


■au. 
5t 


=-"l^-^t+^(^^>6^+ii(/'k*-^) 


(A-2) 


St 


(A-3) 
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(A -5) 


^'fCi)t 
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(A-6) 


e<^=CfT 


and 


(A-7) 


n^ru. 


The  symbols  are  defined  as  follows: 
r  rad  ius  , 


t 
M 
u 

V 

w 


he  ight , 

t  ime  , 

relative  angular  momentum 

radial  velocity, 

tangential  velocity, 

vertical  velocity, 

Coriolis  parameter, 


(A-8) 


P   =  f     (z)   density  of  a  reference  tropical 
a tmos  phere , 


K. 


K 


H 


6 


kinematic  coefficient  of  eddy  viscosity 
for  vertical  mixing, 

kinematic  coefficient  of  eddy  viscosity 
and  conductivity  for  lateral  mixing, 

potential  temperature, 

specific  heat  capacity  at  constant 
pressure  for  dry  air, 


40 


.densation  heating  per  unit  time  a 
s  appropriate  to  the  cyclone-seal 


con 

mass  app 
f  low, 


and 

e 


P 
T 


acceleration  of  gravity, 

1000  mb , 

pres  su  re , 

air  temperature,  and 

dens  i  ty  . 


Equations  (A-1)  and  (A-2)  are  forms  of  the  tangential 
and  radial  equations  of  motion,  respectively.  Equation  (A-3) 
is  the  first  law  of  thermodynamics.  Equation  (A-5)  is  a  sim- 
plified form  of  the  continuity  equation  that  filters  acoustic 
waves  (Ogura  and  Charney,  1962;  Ogura  and  Phillips,  1962)  and 
can  easily  be  justified  on  the  basis  of  an  order  of  magnitude 
analysis.   Equation  (A-4)  is  the  hydrostatic  equation. 

Boundary  conditions  on  the  vertical  motion  at  the  top 
and  bottom  levels  are 


w- 


=  W7  =  0 


(A-9) 


At  each  time  step,  the  field  of  <p     is  calculated  by  ver- 
tical integration  of  the  hydrostatic  equation  (A-4).   To  begin 
this  calculation,  a  lower  boundary  condition  is  needed.   This 
is  obtained  as  follows.   From  (A-5)  and  (A-9), 


From  (A-2)  and  (A-10), 


(A-10) 


I 


da'^ 


^\ 


By  use  of  the  hydrostatic  equation  (A-4),  we  obtain 


wnere 


^1 


'^1 


% 


(A-12) 


n-Cw, 


I 

and ^   is  a  dummy  variable. 
From  (A-11),  (A-12),  and  (A-13) 


(A-13) 


(A-li^) 
-I 

Given  the  potential  temperature  and  velocity  fields,  ^.   may 
be  calculated  from  (A-14),  provided  that  a  boundary  condition 
is  given  at  the  outer  limit  of  the  computational  domain. 

The  condensation  heating  per  unit  time  and  mass  produced 
by  the  net  effect  of  the  organized  cumulus  convection  is  written 


6=  P>^'Ja^(.Tc--t) 

Vcrc-T)te  ' 


(A-15) 
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provided  that 
Otherwise, 


W2>  0,   T^  >  T. 


(A-16) 


In  these  expressions,  L  is  the  latent  heat  of  evaporation;  /^ 
is  a  standard  density  at  level  2;  W2  is  the  eye  lone -s c a le  ver- 
tical motion  at  that  level;  q  is  the  average  specific  humidity 
for  the  layer  between  levels  1  and  2;  T^  is  the  temperature  of 
a  surface  air  parcel  rising  with  constant  equivalent  potential 
temperature,  T  is  the  actual  air  temperature;  z^  is  the  lifting 
condensation  level  of  the  surface  air;  and  z-^     (the  cloud  top) 
is  the  level  at  which  the  ps eudoad iaba t ,  through  the  lifting 
condensation  level,  becomes  cooler  than  the  environment  (Kuo, 
1965)  . 

According  to  (A-15): 

(1)  Convection  occurs  only  in  the  presence  of  low-level 
convergence  (w2  >0)  and  conditional  instability  for  surface 
air  parcels  (T^^^T). 

(2)  All  the  water  vapor  that  converges  in  the  boundary 
layer  rises  in  convective  clouds,  condenses,  and  falls  out  as 
prec  ip  it  at  ion . 

(3)  All  the  latent  heat  thus  released  is  made  avail- 
able to  the  large-scale  flow. 

(4)  The  vertical  distribution  of  this  heating  is  such 
that  the  large-scale  lapse  rate  is.  adjusted  towards  the  pseudo- 
adiabat  appropriate  to  ascent  from  the  surface. 

The  prognostic  cycle  proceeds  as  follows: 

(1)  Calculate  Q  by  the  method  described  above. 

(2)  Forecast  M  with  (A-1). 

(3)  Calculate  f    from  (A-4)  and  (A-14). 

(4)  Forecast  u  with  (A-2). 

(5)  Calculate  w  from  (A-5). 

(6)  Forecast  dwith  (A-3) 

(7)  Return  to  (1)  above. 
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Dependent  variables  are  replaced  with  their  new  values 
as  soon  as  they  become  available.   The  scheme  is,  therefore, 
semi -impl ic i t ,  and  the  results  depend  on  the  order  in  which 
the  calculations  are  carried  out.   Indeed,  computational  sta- 
bility is  dependent  on  the  order  of  the  calculations.   The 
sequence  given  above  has  proven  to  be  highly  stable. 

By  use  of  (A-1),  (A-2),  (A-5),  (A-8),  and  (A-9),  we  may 
derive  the  following  expression  for  the  kinetic  energy  tend- 
ency of  the  storm: 


||=Te+I-Pv-\)«, 


(A-17) 


where 


(A-18) 


Ti  =  -aTr^    [frae|iAat, 


(A-19) 


O     '*! 


Ic-2Tr 


f?V-vC^^A*, 


(A-20) 
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V,*7 


(A-21) 


Pu-- 


-^^u\  '[>[u|,\v^|(#^lir>K^)lV*^"- 


(A-22) 


I 


To  evaluate  the  vertical  mixing  terms,  we  invoke  the 
boundary  conditions 


^f^'''4),.C^«>^^»^^'^H 


(A-23) 


and 


i^^^^,.*=Coa.w\o.;), 


(A-24) 


where  Cp  is  the  (constant)  drag  coefficient,  and  \ui\  is  an 
approximation  to  (lX?'"V'\rt^^     made  for  computational  economy. 
With  the  distribution  of  K^  used  for  these  experiments  (see 
table  2)  and  from  (A-23)  and  (A-24),  we  have 


(A-25) 
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For  the  sake  of  brevity,  the  dissipation  produced  by  lateral 
eddy  viscosity  is  written  in  the  form  (A-22),  rather  than  in 
a  form  that  separates  internal  dissipation  from  dissipation 
at  the  lateral  boundary. 


If  we  average  (A-17)  over  a  time  interval  ^^      ,    we  ob 


tain 


(A-26) 


where 


t) 


=^  nit'. 


(A-27) 


All  terms  of  (A-26)  may  be  evaluated  directly  from  the  output 
of  the  model.   In  general,  there  will  be  a  significant  im- 
balance because  of  truncation  error.   Since  the  finite  difference 
system  is  one  that  dampens,  the  truncation  error  will  usually 
act  as  a  pseudo  dissipation.   The  kinetic  energy  budgets  shown 
in  figures  17  and  18  of  the  text  are  based  on  12-hour  averages 
with  computations  at  12-hour  intervals. 

The  generation  of  available  potential  energy  was  calcu- 
lated from  the  approximate  relationship 


•^-"^Kw?^^^^' 


(A-28) 


where 
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(^)=aTr  \L")t-A' 


CA-29) 


r*^ 


V^  -4O0IU, 


(A-30) 


C)  =  t)-l), 


(A-31) 


M 


-  i  IS. 


(A-32) 


and  ^  is  the  total  (convective  plus  large-scale)  condensation 
heating  per  unit  time  and  mass. 
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NUMERICAL  EXPERIMENTS  WITH  A  MULTILEVEL  PRIMITIVE  EQUATION 
MODEL  DESIGNED  TO  SIMULATE  THE  DEVELOPMENT  OF 
TROPICAL  CYCLONES 
EXPERIMENT  I 


Stanley  L.  Rosenthal 


The  model  assumes  the  storm  to  be  circularly 
symmetric  and  is  expressed  in  z -coord ina tes .   The 
information  levels  correspond  to  pressures  in  the 
mean  tropical  atmosphere  of  1015,  900,  700,  500, 
300,  200,  and  100  mb .   The  heating  function  for  the 
cyclone-scale  motion  is  simulated  by  a  convective 
adjustment  of  the  lapse  rate  towards  a  pseudoadiabat 
representative  of  ascent  from  the  surface  boundary 
layer.   The  rate  of  this  adjustment  is  calibrated 
so  that  the  vertically  integrated  heating  function 
is  related  to  the  upward  flux  of  water  vapor  through 
the  surface  boundary  layer. 

Initial  conditions  are  given  by  a  weak,  near- 
barotropic  vortex  in  gradient  balance.   The  initial 
balance  is  then  destroyed  by  friction,  and  the  meri- 
dional circulation  and  heating  function  establish 
themselves.   Hurricane  force  winds  are  generated  in 
5  to  6  days  and  continue  for  several  days  thereafter, 
By  the  end  of  the  18th  day  (at  which  time  the  inte- 
gration is  terminated),  winds  have  reduced  to  about 
20  m/sec  and  the  system  is  clearly  in  a  state  of 
decay.   The  entire  evolution,  from  start  to  finish, 
is  slow,  and  for  most  of  the  time  conditions  are 
nearly  balanced  (except  for  the  boundary  and  outflow 
layers ) . 

Although  the  transfer  of  sensible  and  latent 
heat  from  the  ocean  to  the  atmosphere  is  treated 
rather  pragmatically,  these  preliminary  calculations 
clearly  show  the  sensible  heat  exchange  to  be  of 
crucial  importance  to  the  development  process. 


1.   INTRODUCTION 

Nonlinear  dynamical  models  have  been  shown  (Ooyama ,  1967) 
to  be  valuable  in  extending  our  knowledge  of  the  genesis  and 
maintenance  of  tropical  cyclones.   In  principle,  these  models 


also  have  potential  use  in  the  design  of  hurricane  modification 
experiments.   The  model  proposed  below  differs  from  Ooyama ' s 
(1967)  in  that  it  employs  primitive  rather  than  balanced  equa- 
tions and  has  substantially  greater  vertical  resolution.   In 
contrast  to  Yamasaki's  primitive  equation  model  (Yamasaki, 
1968a  and  b),  our  model  uses  "z"  rather  than  *'p"  coordinates 
and  has  greater  vertical  resolution.   Also,  our  system  is  open 
at  the  lateral  boundary,  whereas  Yamasaki's  is  closed.   The 
information  levels  are  listed  in  table  1;  all  dependent 
variables  are  defined  at  all  levels. 


Table  1.   Heights  and  mean  pressures  of  the  informa- 
tion levels.   The  mean  pressures  are  approx 
imate  and  are  based  on  a  mean  hurricane 
season  sounding  (Hebert  and  Jordan,  1959) 


Leve  1 


Height  (meters) 


Mean 


Pres  sure 

1,015 

900 

700 

500 

300 

200 

100 

(mb) 


0 
1,054 
3  ,  187 
5  ,  898 
9  ,697 
12  ,423 
16  ,621 


The  primary  source  of  energy  for  the  development  of  trop- 
ical cyclones  is  the  release  of  latent  heat  in  organized 
systems  of  cumulonimbi;  a  successful  model  must  contain  a 
reasonable  parametric  representation  of  this  heating  function. 
Our  formulation  contains  ingredients  suggested  by  previous 
investigators  -  m  particular,  Charney  and  Eliassen   (1964); 
Kuo   (1965);  Ogura   (1964);   Ooyama   (1967);  Syono  and  Yama- 
saki (1966);  Yamasaki   (1968a  and  b)  -  and  is  justified  in 
the  next  paragraph. 


The  lower  400  to  500  mb  of  the  undisturbed,  marine  trop- 
ical atmosphere  is  almost  always  conditionally  unstable 
(Gray,  1967;  Hebert  and  Jordan,  1959;  Garstang  et  al.,  1967; 
Malkus,  1960).   Empirical  evidence  (Gray,  1967;  Garstang  et  al., 
1967;  Malkus,  1960)  suggests  that  the  organized  systems  of 
deep  cumulonimbi  associated  with  synoptic  disturbances  tend 
to  neutralize  this  conditional  instability  by  adjusting  the 
lapse  rate  towards  a  ps eudoad iaba t  representative  of  parcel 
ascent  from  near  sea  level.   Furthermore,  these  organized 
systems  of  deep  cumulonimbi  seem  to  occur  only  in  the  presence 
of  low-level  mass  convergence  (Malkus,  1960)  and  the  compensa- 
tion for  this  mass  convergence  appears  to  take  the  form  of 
ascent  in  the  convective  clouds  (Riehl  and  Malkus,  1961). 


Finally,  there  seems  to  be  a  close  relationship  between  water 
vapor  convergence  in  the  lowest  layers  and  the  rate  of  preci- 
pitation (Ogura,  1964;  Syono ,  1950,  1951;  Syono  et  al.,  1951). 

A    heating    function    that     is    reasonably    consistent    with 
these    observations    uiay    be    written 


6  =   A^W2^(Te-T) 

V    — , 

l»p(Tc-T)dz 
provided  that     **   W2>0,  T^>T 


I: 


Otherwise 


Q  =  0 


(1) 


(la) 


In_these  expressions,    L    is  the  latent  heat  of  evaporation 

/Ojj^  is  a  standard  density  at  level  2,    W2   is  the  cyclone- 
scale  vertical  motion  at  that  level,    Q   is  the  average  spe- 
cific humidity  for  the  layer  between  levels  1  and  2,  T^,   is 
the  temperature  of  a  surface  air  parcel  rising  with  constant 
equivalent  potential  temperature,    ^   is  the  actual  air  tem- 


perature,  z^ 


is  the  lifting  condensation  level  of  the  surface 


air,  and  '^b        (the  cloud  top)  is  the  level  at  which  the 
pseudoad iab a t ,  through  the  lifting  condensation  level,  becomes 
cooler  than  the  environment  (see  Kuo,  1965). 

According  to  (1): 

1.  Convection  occurs  only  in  the  presence  of  low- 
level  convergence  (   ^2  >  0)  and  conditional 
instability  for  surface  air  parcels  (  T^  > T   ). 

2.  All  the  water  vapor  that  converges  in  the  bound- 
ary layer  rises  in  convective  clouds,  condenses, 
and  falls  out  as  precipitation. 

3.  All  the  latent  heat  thus  released  is  made  avail- 
able to  the  large-scale  flow. 

4.  The  vertical  distribution  of  this  heating  is 
such  that  the  large-scale  lapse  rate  is  adjusted 
towards  the  pseudoa  diabat  appropriate  to  ascent 
from  the  surface. 


2.   DESIGN  OF  EXPERIMENT  I 
Experiment  I  was  based  on  a  highly  simplified  version  of 


a  rather  general  model  under  development  at  NHRL.   While  carried 
out  primarily  to  test  certain  features  of  the  model,  it  yielded 
results  that  are  reasonable  enough  to  present  at  this  time. 
The  major  simplifications  are  as  follows: 

1.  The  lifting  condensation  level  of  the  surface  air  is 
assumed  to  be  fixed  for  all  time  halfway  between 
levels  1  and  2  (527  m) . 

2.  The  average  specific  humidity  over  the  lowest  1054  m 
is  assumed  to  be  the  average  saturation  value  for 
this  layer  . 

3.  The  vertical  transport  of  momentum  by  small-scale 
eddies  is  neglected,  except  at  the  air-sea  interface 
where  it  is  treated  as  a  drag  effect. 

4.  The  air-sea  exchange  of  sensible  heat  is  pragmatically 
simulated  by  the  requirement  that  air  temperature  in 
the  lowest  1054  m  be  steady  state. 

5.  Vertical  redistribution  of  momentum  by  transport  in 
cumuli  is  neglected. 

6.  The  computational  domain  extends  over  a  radial  dis- 
tance of  only  440  km,  with  a  grid  increment  of  20  km. 

These  assumptions  and  simplifications  are  made  primarily 
for  reasons  of  computational  economy.   However,  some  of  them 
also  eliminate  the  need  for  explicit  formulations  for  rela- 
tively obscure  physical  processes.   Items  1  and  2  eliminate 
the  need  for  a  water  vapor  conveyance  equation.   A  lifting 
condensation  level  of  527  m  is  probably  about  30  percent  too 
high  for  the  core  of  a  developing  or  mature  tropical  cyclone 
and  helps  explain  why  the  experiment  develops  only  a  minimal 
hurricane.   On  the  other  hand,  assumption  2  overestimates  the 
boundary  layer  humidity  and  tends  to  compensate  for  the  high 
lifting  condensation  level.   The  lack  of  internal  dissipation 
by  vertical  mixing  --  assumption  3  --  is  partly  compensated 
for  by  the  use  of  one-sided  space  and  time  differences  which 
provide  an  implicit  internal  dissipation.   Assumption  4,  al- 
though not  satisfying  from  a  theoretical  point  of  view,  is 
justifiable  on  empirical  grounds  and  also  used  by  Yamasaki 
(1968b).   It  eliminates  the  need  for  a  temperature  forecast 
at  levels  1  and  2  and  for  an  explicit  formulation  of  the  air- 
sea  exchange  of  sensible  heat. 


The  basic  system  of  equations,  assuming  circular  symmetry, 
is 


jrv    ^ji  ^^    ^^v.   5^  ;   ^ 


04  =  c^T 


The  symbols  are  defined  as  follows: 

^         Radius 

z         Height 

t         Time 
M 


Relative  angular  momentum 
Radial  velocity- 
Tangential  velocity 
Vertical  velocity 
^         Coriolis  parameter 


u 


w 


(4) 


IC=-% 


(6) 


(7) 


(8) 


M=rv.  (9) 


p  =  p(z) 


K. 


g 

PO 
P 
T 


Density  of  a  reference  tropical 
atmos  pher e 

Kinematic  coefficient  of  eddy- 
viscosity  for  vertical  mixing 

Kinematic  coefficient  of  eddy 
viscosity  and  conductivity  for 
lateral  mixing 

Potential  temperature 

Specific  heat  capacity  at  constant 
pressure  for  dry  air 

Condensation  heating  per  unit  time 
and  mass  appropriate  to  the  cyclone 
scale  f 1 ow 

Acceleration  of  gravity 

1000  mb 

P  res  sure 

Air  temperature 

Dens  i ty 


Equations  (2)  and  (3)  are  forms  of  the  tangential  and 
radial  equations  of  motion,  respectively.   Equation  (4)  is  the 
first  law  of  thermodynamics.   Equation  (6)  is  a  simplified 
form  of  the  continuity  equation  that  filters  acoustic  waves 
(Ogura  and  Charney,  1962;   Ogura  and  Phillips,  1962)  and  can 
easily  be  justified  on  the  basis  of  an  order  of  magnitude 
analysis.   Equation  (5)  is  the  hydrostatic  equation. 


Boundary  conditions  on 
bottom  levels  are 


the  vertical  motion  at  the  top  and 


w-|^  =  W7  =  0  , 


(10) 


where  the  subscript  denotes  level.   Discarding  viscous  and 
diabatic  effects,  this  sytem  of  equations  with  the  boundary 
conditions  (10)  gives  the  energy  integral 


o    o 


"^H'^'^'^''  (11) 


o  ^o 


provided  that  the  domain  is  mechanically  closed  at  f\,~  p\^.        If 
the  complete  form  of  the  continuity  equation, 


^t 


is  used  in  place  of  (6),  the  energy  integral  analogous  to  (11) 
is 


*7,^* 


which  can  be  written  in  the  more  familiar  form 


(13) 


^  O 


At  each  time  step,  the  field  of   ^   is  calculated  by 
vertical  integration  of  the  hydrostatic  equation  (5).   To 
begin  this  calculation,  a  lower  boundary  condition  is  needed 
This  is  obtained  as  follows.   From  (6)  and  (10), 


r?7 


j5  \K  da  =    O  . 


(14) 


2, 


From    (3  )    and     (14)  , 


>e||d..j'^j^(i^^.]-u9^.u.|^]^2 


4- 


^[Ti^T^i  'dhSr^n   f>-oz[^  ^nl\       ^15) 


By  use  of  the  hydrostatic  equation  (5) 


7)/>- 


where 


H  = 


,27 


'€, 


ids' 


and   2   is  a  dummy  variable 
From  (15),  (16),  and  (17), 


B 


pQcLi 


2, 


(16) 


(17) 


(18) 


4>, 


Given  the  potential  temperature  and  velocity  fields,   T/   may 
be  calculated  from  (18),  provided  that  a  boundary  condition 
is  given  at  the  outer  limit  of  the  computational  domain. 

The  advection  terms  in  (2),  (3),  (4),  and  (15)  are  calcu- 
lated by  the  upstream,  noncentcred  method  and  the  time  deri- 
vatives are  calculated  as  forward  differences.   In  the  vertical, 
all  variables  are  defined  at  all  levels.   Along  the  radius,  a 
staggered  grid  is  employed.  M   and  u   are  defined  at  the  grid 
points 


Tj  =(j-l)Ar,   j  =  l,2,  . . .  ,23, 


while  0 ,  <f  ,     w  and     Q         are    given    at 


(19) 


r  j    =(  j-^)  ^r,        j  =  l,2,  .  .  .  ,23 


(20) 


The  lateral  mixing  terms  in  (2),  (3),  (4),  and  (15)  are  evalu- 
ated by  expressions  similar  to  those  used  by  the  author  (1964). 
The  vertical  mixing  terms  in  (2)  and  (3)  are  evaluated  by 
expressions  similar  to  equation  (37)  given  by  the  author  (1964), 
with  due  allowance  being  made  for  the  variable  vertical  incre- 
ment.  To  evaluate  these  vertical  mixing  terms  at  levels  1  and 
2,  we  invoke  the  boundary  conditions 


(pk^l^l-,=^Ct,(p'i^.in,) 


2  =  ^, 


(21) 


(p'^^ML.=Co(p.iv.u,), 


(22) 


where  Cp  is  the  (constant)  drag  coefficient,  and   |'V?'i  1  is  an 
approximation  to  /U.*  ^  "U"*  made  for  computational  economy. 

The  integrals  required  to  calculate   ~\J^       from  (6)  and  (p 
from  (5)  are  evaluated  by  the  trapezoidal  rule.   The  prognos- 
tic equations  (2)  and  (3)  are  applied  at  the  radial  grid  given 
by  (19)  for  j  =  2,3.  ..,22  and  at  vertical  grid  points  for 
i  =  1,2 , . . . ,7 .   At  j  =  1  (r  =  0), 


M  =  0,  u  =  0 


(23) 


At  j  =  23  (r  =  440  km) , 


(ru)j^23 


(ru)j=22 


'^j=23    ^j  =  22' 


(24) 
(25) 


which  are  the  conditions,  respectively,  that  the  horizontal 
divergence  and  relative  vorticity  vanish  at 

r  =  21.5  Ar  =  430  km. 


The    potential    temperature    tendencies    are    evaluated    on    the 
radial    grid    defined    by     (20)     for     j     =     1,2,...  ,22     and    at    vertical 
grid     points     for     i    =    3,4,.  ..,7.       The    boundary    condition    at 
j     =    23     in    the    potential     temperature    forecast     is 


®j=23   =  ^i  =  2Z 


(26) 


The  initial  conditions  consist  of  a  weak  vortex  in  grad 
ient  balance  with  no  meridional  circulation.   This  state  of 


field  of  standard  potential 
These  values  are  very- 
sounding  (Hebert 
2.   The  lower  bound- 


is  adopted,  and  a  set  of  standard   t  =   t  ^^^  ^^^  calculated 
from  the  hydrostatic  equation  (5).   A  set  of  standard  tempera- 
tures (T  =  T(z))  are  calculated  from  (8).   Equation  (7)  is 
then  used  to  calculate  standard  pressures  (p  =  p(z)).   Finally, 
the  standard  densities  (  P=    p( z ) )  are  obtained  from 

'         RT 

Table  2.   Standard  values  of  thermodynamic  variables 
(See  text  for  method  of  calculation) 


Level     Height  (m)     Qc^K)    TC^K)    p(mb)    j5(ton/m^) 


1 

0 

300 

301.3 

1015  .0 

1.  174 

X 

10-^ 

2 

1,054 

303 

294.  1 

900  .4 

1  .067 

X 

10-3 

3 

3,  187 

313 

282  .6 

699  .4 

0  .862 

X 

lO"-^ 

4 

5,898 

325 

266  .5 

499  .2 

0.653 

X 

10-3 

5 

9  ,697 

340 

240.8 

299.2 

0  .433 

X 

10-3 

6 

12 ,423 

347 

218.9 

199.5 

0  .318 

X 

10-3 

7 

16,621 

391 

203  .  1 

101.1 

0.173 

X 

10-3 

The  initial  temperature  field  is  given  by 


(27) 


where      £      =    0.16°K    and    r    =    430    km.       With    the    boundary    condi' 
t  ion  A      •  -  d>    }     the    hydrostatic    equation,     in    the    form 


lt^-*Vc,T   , 


(28) 
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is  integrated  by  the  trapezoidal  rule  to  obtain   T  >^ .  1    f*^^ 
i  =  6,5, ...,1.   With  T  and   <p    initialized,  initial  values 
of   O   are  calculated  from  (8),  the  gradient  wind  equation 
is  solved  for  the  initial  distribution  of  -XX    ,     and  M  is  then 
calculated  from  (9). 

The  prognostic  cycle  proceeds  as  follows: 

1.  Calculate  Q    by  the  method  described  in  section  1. 

2.  Forecast  M  with  (2). 

3.  Calculate  <^    from  (5)  and  (18). 
^■ ,  Forecast  u  with  (3). 

5.  Calculate   w    from  (6). 

6.  Forecast   0  with  (4). 

7.  Return  to  1  above. 

Dependent  variables  are  replaced  with  their  new  values 
as  soon  as  they  become  available.   The  scheme  is,  therefore, 
sem i -imp  1 ic it ,  and  the  results  depend  on  the  order  in  which 
the  calculations  are  carried  out.   Indeed,  computational 
stability  is  dependent  on  the  order  of  the  calculations.   The 
sequence  given  above  has  proven  to  be  highly  stable.   TaDle  3 
lists  certain  parameters  of  interest  for  Experiment  I. 


Table  3.   Parameters  used  for  Experiment  I 


Term 


Symbo 1 


Va  lue 


Kinematic  coefficient  of 
eddy  viscosity  and/or 
eddy  conductivity  for 
lateral  mixing 

Drag  coefficient 

Time  s  tep 

Radial  increment 

Coriolis  parameter 

Kinematic  coefficient  of 
eddy  viscosity  for 
vertical  mixing 


Ki 


D 

At 

Ar 

f 
K 


lO^m^/s  ec 

3    X     10-3 
120    sec 

2  0    km 


5    X     10 


-5 


sec 


-1 


lOm-^/sec    at    level 
1;     zero    elsewhere 
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3.   RESULTS 

The  cyclone's  history  is  summarized  in  figure  1.   The  central 
pressure  and  maximum  surface  wind  change  little  during  the 
first  3  days.   This  period  probably  can  be  related  to  the 
development  of  the  well-known  "preexisting"  disturbances  from 
which  hurricanes  evolve.   A  similar  organizational  period  is 
found  in  Ooyama's  (1967)  experiments,  as  well  as  in  those  of 
Yamasaki  (1968  a  and  b).   The  intensity,  as  measured  by  central 
pressure  and  maximum  surface  wind,  reaches  a  peak  at  about 
180  hr ,  when  the  central  pressure  is  97^■    mb  and  the  strongest 
surface  wind  is  45  m  sec"-*-. 


Hurricane  fore 
about  144  to  336  hr 
the  strongest  surfa 
their  peak  values, 
of  the  maximum  surf 
hurricane  force  win 
section  in  figure  1 
experiment.   During 
the  maximum  surface 
A  distinct  maximum 
the  eye  wall)  does 
storm  begins  to  dee 


e  winds  are  present  at  the  surface  from 

By  the  end  of  the  integration  (432  hr), 
ce  winds  have  dropped  to  about  half  of 

The  temporal  variations  of  the  positions 
ace  wind  5  surface  gale  force  winds,  surface 
ds,  and  maximum  w  (=^2)  ,  shown  by  the  top 
,  are  all  fairly  similar  to  those  of  Ooyama's 
the  organizational  period,  the  radius  of 
wind  (initially  250  km)  decreases  rapidly, 
in  the    w  *      profile  (to  be  identified  with 
not  appear  until  96  hr ,  and  thereafter  the 
pen  rap  id ly . 


The  dashed  curve  in  the  bottom  section  of  figure  1 
represents  a  calculation  in  which  the  air-sea  exchange  of  sen- 
sible heat  was  neglected  and  temperatures  in  the  boundary 
layer  were  forecast  from  an  adiabatic  form  of  the  thermo- 
dynamic equation.   This  calculation  clearly  illustrates  the 
crucial  role  played  by  the  sensible  heat  source. 

Figure  2  illustrates  temporal  variations  of  the  radial 
profiles  of  surface  wind,  surface  pressure,  and   w  *.   The 
initial  surface  wind  is  shown  by  the  dashed  curve  in  the  upper 
left  section.   The  concentration  of  kinetic  energy,  pressure 
deficit,  and  ascent  in  a  fairly  narrow  ring  close  to  the 
storm  center,  so  typical  of  mature  hurricanes,  is  remarkably 
well  reproduced  by  the  model  at  peak  intensity  (180  hr).   Fig- 
ure 3  shows  that  the  storm  structure,  in  general,  is  also 
fairly  realistic  (see. for  example.  Colon,  1961;  Hawkins  and 
Rubsam,  1968;  Miller, 'l964  ). 

Inflow  and  outflow,  respectively,  are  concentrated  in  the 
boundary  layer  and  in  the  upper  troposphere  in  much  the  same 
way  as  has  been  found  in  numerous  empirical  studies  based  on 
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Figure  1.  -  Top :   Radii  of  maximum  surface  wind  and  maximum 
vertical  motion  at  the  1054-m  level.   Outer  and  inner 
limits  of  gale  and  hurricane  force  winds  at  the  surface. 
Middle :   Central  pressure  as  a  function  of  time.   Bottom  : 
Maximum  surface  wind  as  a  function  of  time. 
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Figure  2.  -  Radial  distribution  of  certain  variables  at 
selected  times.   Le  £ t  ;   Surface  wind  speed.   Center  : 
Surface  pressure.   Right  :   Vertical  motion  at  the  1054-m 
leve 1 . 
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data  gathered  by  reconnaissance  aircraft.   This  characteristic 
distribution  is  even  more  vividly  portrayed  by  figure  4.   On 
the  other  hand,  the  surface  inflow  (fig.  3),  especially  be- 
tween radii  of  50  to  100  km,  is  much  stronger  than  has  been 
deduced  from  observation  (Hawkins  and  Rubsam,  1968;  Miller, 
1964;  Riehl  and  Malkus,  1961).   Indeed,  the  inflow  angle  near 
100  km  is  somewhat  greater  than  45°.   It  is  difficult  to 
determine  to  what  extent  this  discrepancy  is  physically  real. 
Aircraft  flight  data  are  taken  well  above  the  main  boundary 
layer  and  cannot,  by  themselves,  be  used  to  determine  the 
strength  of  inflow  close  to  the  surface.   This  is  dramatically 
illustrated  if  we  attempt  to  deduce  the  surface  radial  wind 
shown  in  figure  4  from  data  at,  say,  700  or  900  mb .   Some 
studies  have  supplemented  aircraft  data  with  ship  observations. 
These  data  are,  however,  usually  well  out  from  the  core  of  the 
storm  and  would  be  of  little  help  in  estimating  inflow  in  the 
region  of  maximum  radial  wind  shown  in  figure  3.   Some  theore- 
tical studies  (Malkus  and  Riehl,  1960;  Miller,  1965;  Ooyama , 
1967)  have  found  inflow  fairly  close  in  magnitude  to  those  obtained  here. 

The  outflow  maximum  at  100  mb  is  also  in  conflict  with 
the  empirically  deduced  distributions  (see,  for  example, 
Hawkins  and  Rubsam,  1968;  Miller,  1964;  Riehl  and  Malkus, 
1961),  which  characteristically  show  greatest  outflow  at  200 
mb  and  assume  zero  outflow  at  100  mb .   However,  there  is  little 
in  the  way  of  observational  data  in  the  core  of  hurricanes 
above  200  mb .   If,  as  suggested  above,  the  empirical  studies 
underestimate  low-level  inflow,  then  there  is  a  great  deal  of 
latitude  for  adjusting  the  empirical  distributions  of  outflow 
above  200  mb  to  compensate  for  the  increased  inflow.   The 
distributions  of  radial  wind  shown  in  figures  3  and  4  may  then 
be  more  reasonable  than  they  first  appear.   The  outflow  mag- 
nitudes shown  in  figures  3  and  4  are  substantially  greater  than 
those  given  by  Yamasaki  (1968a  and  b).   The  reason  may  well  be 
differences  in  vertical  resolution  between  the  two  models.   His 
upper  tropospheric  radial  velocity  should  be  considered  an 
average  over  a  pressure  depth  of  300  mb .   If  we  take  this  into 
account,  the  mass  outflows  of  the  two  experiments  are  comparable 

Figure  3  shows  no  well-defined  region  of  subsidence  at  the 
storm  center  that  would  be  analogous  to  the  eye  wall  of  a  real 
hurricane.   Yamasaki  (1968a  and  b)  also  had  difficulty  in  pro- 
ducing an  eye  and  attributed  this  to  the  shape  of  the  initial 
wind  profile.   It  seems  more  attractive,  however,  to  attribute 
eye  formation  to  the  dynamics  of  cyclone  development  rather 
than  to  fortuitous  initial  conditions.   Our  Experiment  I  does 
attempt  to  develop  descent  at  the  storm  center,  but  this  is  a 
transitory  feature,  which  appears,  disappears,  and  reappears. 
Figure  5  shows  conditions  12  hr  after  those  in  figure  3.   A 
distinct  region  of  descent  at  the  storm  center  is  present  at 
this  time.   The  lack  of  a  "permanent"  eye  may  well  be  due  to 
the  coarse  radial  resolution  used  for  these  calculations. 

15 


100         150        200        250        300 
RADIUS  (KILOMETERS) 


50  IDO        150        200       250        300 

RADIUS  (  KILOMETERS) 


-  100 


50         100         150        200       250        300 
RADIUS  (KILOMETERS) 


TEMPERATURE    DEPARTURES 
0- 


50  100        150        200        250        300 

RADIUS  (  KILOMETERS  ) 


50  100         150        200       250        300 

RADIUS  (  KILOMETERS) 


350 


50  100        150       200       250        300 

RADIUS  (KILOMETERS) 


350 


Figure  3.  -  Vertical  cross  sections  of  various  dependent 
variables  at  180  hr .   Upper  Lef t  :   Tangential  velocity  in 
m  sec"  .   Upper  Right  :   Total  wind  speed  in  m  sec~l. 
Center  Left  :   Radial  velocity  in  m  sec"!.   Center  Right  : 


Temperature  excess  over  the  mean  tropical  atmosphere  in   K. 
Lower  Left  :   Vertical  velocity  in  m  sec"-'-.   Isopleths  are 
drawn  at  variable  intervals.   Lower  Right  :   Pressure  de- 
partures from  mean  tropical  atmosphere  in  mb .   Isopleths  are 
drawn  at  variable  intervals. 
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Figure  4.  -  Vertical  profiles  of  radial  velocity  at  ISO  hr 
for  selected  radii. 
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Figure  5.  -  Cross  section  of  vertical  motion  at  192  hr . 
Isopleths  are  drawn  at  variable  intervals  and  labeled  in 
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Figure  6  gives  further  information  concerning  the  storm's 
history.   The  kinetic  energy  curves  (center  section)  clearly 
show  that  peak  intensity  (at  180  hr)  as  indicated  by  the  cen- 
tral pressure  and  maximum  surface  wind  is  really  only  indica- 
tive of  conditions  in  the  innermost  100  km;  the  kinetic  energy 
of  the  storm  as  a  whole  (0-400  km)  does  not  reach  its  maximum 
until  about  360  hr .   With  regard  to  the  kinetic  energy  content 
of  individual  rings  (fig.  7),  peak  intensity  is  reached  at  about 
280  hr  for  the  100-200-km  ring,  at  about  380  hr  for  the  200- 
300-km  ring,  and  kinetic  energy  increases  throughout  the  period 
of  integration  in  the  300 -400- ring . 

The  top  section  of  figure  6  shows  the  average  precipita- 
tion in  the  innermost  100  km  of  the  system  (based  on  the 
assumptions  given  in  sec.  1).   The  values  shown  during  the 
mature  stage,  say  from  180  to  290  hr ,  compare  reasonably  well 
with  those  of  real  tropical  cyclones  (Miller,  1964;  Riehl  and 
Malkus,  1961). 

The  bottom  section  of  figure  6  shows  the  efficiency  of 
the  storm's  innermost  200  km.   This  quantity  is  defined  in  the 
usual  manner  as  the  ratio  of  the  rate  of  kinetic  energy  pro- 
duction to  the  rate  of  latent  heat  release.   The  peak  value 
of  4.7  percent  (at  about  180  hr)  is  a  little  higher  than  that 
found  in  other  models  (Ooyama ,  1967;  Yamasaki,  1968a)  and 
empirically  (Palmen  and  Riehl,  1957).   The  average  over  the 
period  from  180  to  288  hr  falls  fairly  close  to  the  usual 
3  to  4  percent  found  by  the  authors  cited  above. 

At  this  point  it  is  appropriate  to  attempt  explanations 
for  the  transitions  from  one  phase  of  the  storm's  life  cycle  to 
next.  The  initial  96  hr  are  clearly  an  organizational  period  dur- 
ing which  the  meridional  circulation  is  taking  form.   During  this 
time,  there  is  no  distinct  maximum  of   w*  (and,  hence,  no  eye 
wall)  and,  as  can  be  seen  from  figure  6,  there  is  little  re- 
lease of  latent  heat.   The  relatively  rapid  intensification 
between  120  and  168  hr  may  possibly  be  explained  by  recent 
perturbation  analyses  (Rosenthal  and  Koss,  1968;  Syono ,  1966). 
These  studies  show  that  tropical  cyclone  development  tends  to 
be  slower  when  the  upper  tropospheric  heating  function  is 
large  compared  to  that  of  the  lower  troposphere  and  that  de- 
velopment becomes  more  rapid  as  the  vertical  distribution  of 
the  heating  function  becomes  more  uniform. 

Figure  8  shows  vertical  profiles  of  the  differences  T^^-T 
which,  by  (1),  are  proportional  to  the  heating  function.   At 
the  10-km  radius,  in  particular,  the  tendency  for  T^, -T  to  take 
on  a  more  nearly  uniform  vertical  distribution  during  the 
period  of  rapid  deepening  is  clear.   Yamasaki  (1968a  and  b) 
offered  the  same  explanation  for  the  period  of  rapid  intensi- 
fication given  by  his  model.   However,  a  similar  period  of 
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Figure  6.  -  Variations  with  time  of  various  quantities.   Top : 
Average  precipitation  over  the  radial  interval  zero  to 
100  km.   M  idd le  :   Total  kinetic  energy  contained  in  various 
radial  intervals.   Bottom :   Efficiency  of  the  storm  defined 
as  the  ratio  of  the  rate  of  kinetic  energy  production  to 
the  rate  of  condensation  heating  in  the  radial  interval 
0  to  200  km. 
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Figure  7.  -  Variations  with  time  of  the  kinetic  energy  content 
of  various  rings  of  the  storm. 
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Figure  8.  -  Vertical  profiles  of  "cloud"  temperature  minus  air 
temperature  (°K)  at  selected  radii  and  times.   Top :   Radius 
of  10  km.   Center:   Radius  of  50  km.   Bottom:   Radius  of  90  km, 
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rapid    deepening    is    found     in    Ooyama's    results.       Since    his    model 
does    not    contain    a    vertical    variation    of    heating,     the    mechanism 
discussed    above    cannot    explain    Ooyama's     results     and    may,     there- 
fore,    not    be    of    primary     importance. 


At  168  hr ,  the  tem 
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their  extreme  values)  t 
radius  is  indeed  coinci 
heating  at  this  radius 
ture  profile  to  the  "cl 
radii  occurs  more  slowl 
Note  that  the  equivalen 
are  not  constant  with  t 
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perature  profile  at  10  km  is  very  nearly 
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pressure  and  maximum  surface  wind  reach 
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y  but  is  clearly  indicated  by  figure  8. 
t  potential  temperatures  of  the  "clouds" 
ime  but  vary  inversely  with  the  boundary 
ustrated  by  figure  9). 


By  use  of  (2),  (3),  (6),  (9),  and  (10),  we  may  derive  the 
following  expression  for  the  kinetic  energy  tendency  of  the 
s  t orm : 


where 
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Figure  9.  -  Equivalent  potential  temperature  of  the  "clouds" 
as  a  function  of  radius  and  time.   Isopleths  are  labeled 
in  OR. 
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The  physical  interpretation  of  these  terms  is  well  known 

and  will  not  be  elaborated  upon  here.   With  the  distribution 

of   [\ T  used  for  Experiment  I  (see  table  3)  and  from  (21)  and 

(22 ) ,  we  have 


(35) 


For  the  sake  of  brevity,  the  dissipation  due  to  lateral  eddy 
viscosity  is  written  in  the  form  (34)  rather  than  in  a  form 
that  separates  internal  dissipation  from  dissipation  at  the 
lateral  boundary. 


where 


If  we  average  (29)  over  a  time  interval  l^   ,     we  ob 

^-        ^    ^     =T,^I-D,-Dh, 

, ,  rt  +  T 


(  )  --  Y     (  )  dbt'    . 


tain 


(36) 


(37) 


All  terms  of  (36)  may  be  evaluated  directly  from  the  output  of 
the  model.   In  general,  there  will  be  a  significant  imbalance 
due  to  truncation  error.   Since  the  finite  difference  system 
is  one  that  dampens,  the  truncation  error  will  usually  act  as 
a  pseudo  dissipation. 

The  history  of  the  storm's  kinetic  energy  budget  is  shown 
in  figure  10.   The  averages  are  over  2  hr  and  calculations 
were  made  at  intervals  of  24  hr .   The  storm  exports  kinetic 
energy  to  its  environment  throughout  the  period  of  integration. 
Both  the  outflow  of  kinetic  energy  and  the  dissipation  by 
lateral  eddy  viscosity  are  relatively  small  components  of  the 
budget.   The  dissipation  by  truncation  error  is  substantial 
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Figure  10.  -  Components  of  the  kinetic  energy  budget  as  a 

function  of  time.   The  values  are  appropriate  to  the  radial 
interval  from  zero  to  400  km  and  are  2 -hr  averages.   Only 
the  conversion  term  gives  a  positive  contribution  to  the 
kinetic  energy  tendency. 
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and  justifies  the  neglect  of  explicit  internal  dissipation  by 
vertical  eddy  viscosity.   The  total  internal  dissipation 
(truncation  error  plus  lateral  eddy  viscosity)  is  of  the  same 
order  of  magnitude  as  the  dissipation  by  surface  drag  friction, 
which  is  consistent  with  empirical  energy  budgets  (Hawkins  and 
Rubsam,  1968;  Miller,  1964;  Riehl  and  Malkus,  1961). 


Figures  11,  12,  13,  and  14  show  more  detailed  ki 
energy  budgets  at  148  hr  (developing  stage),  184  hr  ( 
intensity  in  the  innermost  100  km),  244  hr  (mature  st 
316  hr  (decaying  stage).  The  averaging  period  for  th 
budgets  is  10  hr .  The  vertically  integrated  budgets 
sections  of  figs.  11,  12,  13,  and  14)  show  the  innerm 
of  the  storm  to  be  crucially  dependent  on  the  import 
energy  generated  at  larger  radii,  since  total  dissipa 
this  inner  region  is  substantially  greater  than  gener 
(except  during  the  developing  stage -148  hr  —  when  thes 
effects  are  nearly  of  equal  magnitude).  Similar  resu 
been  found  in  observational  studies  (Hawkins  and  Rubs 
Riehl  and  Malkus,  1961)  and  in  models  (Ooyama,  1967). 
kinetic  energy  tendency  in  the  inner  areas  of  the  sto 
a  small  balance  between  large  contributing  terms,  wh i 
similar  to  Ooyama's  result. 
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In  the  innermost  100  km,  the  upper  troposphere  converts 
kinetic  energy  to  potential  energy  and  also  exports  kinetic 
energy  laterally  to  the  center  areas  of  the  storm.   The  sole 
source  of  the  kinetic  energy  required  to  maintain  the  motion 
in  this  region  is  the  vertical  import  of  kinetic  energy  gener- 
ated in  the  lower  troposphere.   The  same  is  true  of  the  middle 
troposphere  of  the  innermost  100  km  at  244  and  316  hr . 

At  148  and  184  hr ,  kinetic  energy  production  is  greatest 
in  the  innermost  100  km.   On  the  other  hand,  at  244  and  316  hr , 
after  the  storm  has  started  to  spread  radially,  production  is 
greatest  in  the  100-  to  200-km  ring.   At  all  four  times,  vir- 
tually all  of  the  kinetic  energy  production  is  in  the  lower 
troposphere.   The  truncation  error,  while  energy  consuming  for 
the  storm  as  a  whole  (figure  10)  and  strongly  energy  consuming 
in  the  innermost  100  km  of  the  lower  troposphere  (figs.  11, 
12,  13,  and  14),  is  energy  producing  in  some  individual  rings 
and  layers.   In  these  cases,  the  largest  error  contributions 
are  in  the  upper  troposphere. 

Table  4  shows  the  extent  of  gradient  wind  balance  at 
selected  times.   At  200  and  100  mb ,  the  tangential  wind  is 
highly  non-gradient  and  even  antibaric  at  several  grid  points. 
At  900,  700,  and  500  mb ,  fairly  close  gradient  balance  prevails, 


27 


100 


148    HRS 


CO 


RADIUS     (  kilometers: 


T=+45.5 
D=  -10.2 
£=-202 

(HE) 


T=  +  19.3 
D=-  0.7 
E=  +  1.4 


T=    +8.9 

D=    -0.2 

16>E=    +  0.3 


-|i44r 


(±Mj 

13^ 


Figure  11.  -  Beta 
Bottom  s  ec  t ion 
s  ec  t  ion  shows  t 
All  numerical  v 
Symbo Is  are  :  T 
kinetic  energy; 
mixing;  E  =  rat 
Values  in  ovals 
at  the  lower  bo 
face  friction  d 
by  the  meridion 
on  the  appropri 
of  the  transpor 


i led  kine t  ic 
is  the  vert  i 
he  interacti 
alues  are  in 
=  rate  of  c 
D  =  rate  of 
e  of  energy 

are  the  kin 
undary  in  ir 
is  s  ipa t  ion  r 
a  1  c  ircu lat i 
ate  boundari 
t  . 


energy  budget  a 

cally  integrated 

on  between  atmos 

units  of  IQll  j 

onversion  of  pot 

internal  dissip 

addition  by  trun 

etic  energy  tend 

regular  shaped  o 

ates  .   K  inet  ic  e 

on  are  found  in 

es  that  point  in 

t  148  hr. 

budget.   Top 
pher  ic  laye  rs . 
oules  sec  ~  1. 
ential  to 
ation  by  la  tera 1 
cat  ion  errors . 
enc  ies .   Va lues 
utlines  are  sur- 
nergy  transports 
the  large  arrows 

the  direction 


28 


100 


300 


m 


111 
a: 

ID 
(/) 
(/) 
111 

q: 

Q. 


q: 
< 
o 

z 
< 

I- 


700 


1015 


T=-i4.2 
D=-  8.4 
E=  -15.0 


C+os) 


1!^ 


T  = +131.7 
D=-19.2 
E=-984 

GTa~) 


T=-3.6 
D=-0.1 
E  =  +  4.8 


8.0 


T  =  +  8.3 
D=-0.2 
E=  +  1.5 


(±MD 


M^ 


100 


<' 


T=  +51.6 

D=    -07  J 

<418  E=    +0.2  <ii 

^  (±zaD 


184    HRS 


T=-5.2 
D=-00 
E=+8.1 


(±QT^ 


T=  +  2.6 
D=-0.1 
E  =  -07 


15^ 


200 


< 


< 


T=-3.6 
D  =  -0.0 
E  =  +2.0 


0^1) 


T=  +  17 
D=  -  QO 
E=-  0.1 

(HD 


T=+  9.0 
D=-  0.0 
E=-  0.1 

(±113 


13^ 


300 


RADIUS     (  KILOMETERS) 


vp- 


T=  +  56.3 

D=-    1.0 

:^7:o  E=    +6.5 

(HD 


13^ 


104 


T=  +13.9 
D=  -  0.1 
E=  +  71 

GTo~) 


T=   +71 

D=    -0.0 

195>E=    -1.8 

(±113 


13^ 


13^ 


4 


4 


400 


Figure  12.  -  Same  as  fig.  11  but  for  184  hr 
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Figure  13.  -  Same  as  fig.  11  but  for  244  hr 
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Figure  14.  -  Same  as  fig.  11  but  for  316  hr 
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at  300  mb  near -gr ad  lent  conditions  are  present  only 

the  second  half  of  the  period  of  integration.   At  the 
e,  gradient  balance  is  prevented  by  the  drag  friction 


Table  4.   Horizontal  Averages  of 
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ratio  of  pressure  gradient  force  to  the  sum 
of  the  Coriolis  and  centrifugal  forces  per 
unit  mass  (Asterisks  denote  averages  that 
include  one  or  more  antibaric  points) 
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The  solutions  were  examined  for  the  presence  of  inertial 
instability  as  measured  by 
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4.   CONCLUSIONS 

The  results  obtained  indicate  that  the  model  is  capable 
of  simulating  the  life  cycle  of  a  tropical  cyclone  with  a  fair 
degree  of  reality.   These  results,  together  with  those  of 
Yamasaki  (1968a  and  b),  show  that  the  primitive  equations  can 
be  successfully  integrated  for  the  tropical  cyclone  problem. 
The  results  also  indicate  that  a  supply  of  sensible  heat  from 
the  ocean  surface  is  a  crucial  ingredient  without  which 
development  would  not  occur. 

The  tangential  winds  were  found  to  be  in  near -grad ient 
balance  at  900,  700,  and  500  mb  at  all  times  and  at  300  mb 
during  the  later  phases  of  the  integration.   At  the  surface, 
where  drag  friction  is  present,  the  winds  are  subgradient. 
The  main  outflow  at  200  and  100  mb  is  highly  unbalanced. 
Inertial  instability,  while  present  in  small  regions  after  the 
storm's  organizational  period,  appears  to  be  an  effect  of  the 
development  rather  than  a  cause. 

The  model  has  several  distinct  deficiences,  which  were 
cited  in  section  2.   Future  work  will  be  aimed  at  (1)  an 
explicit  calculation  of  the  air-sea  exchange  of  sensible 
heat,  with  a  boundary  layer  temperature  forecast  made  by  use 
of  the  first  law  of  thermodynamics,  (2)  introduction  of  a 
water  vapor  conveyance  equation  for  prediction  of  the  specific 
humidity,  (3)  inclusion  of  the  vertical  transport  of  momentum 
by  the  cumulus  scale  circulations,  and  (4)  reworking  the  model 
in  a  more  accurate  finite  difference  system,  with  an  explicit 
formulation  of  internal  dissipation. 
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PROJECT  STORMFURY  ANNUAL  REPORT  -  1968 


INTRODUCTION 

The  1968  hurricane  season  offered  both  opportunities  and 
frustrations  for  Project  STORMFURY,  an  interdepartmental  pro- 
gram of  the  Department  of  Defense  (Navy)  and  the  Department 
of  Commerce,  Environmental  Science  Services  Administration 
( ES SA ) .   As  in  the  two  previous  seasons,  nature  failed  to 
provide  a  storm  suitable  for  large  field  experiments.   Yet, 
overall,  1968  was  a  very  successful  year.   More  progress  was 
made  than  before  in  the  collection  of  data  needed  to  confirm 
that  the  hurricane  clouds  could  be  modified  by  seeding  with 
freezing  nuclei,  and  significant  achievements  were  made  in 
basic  research  on  hurricane  models.   The  latter  has  reached 
the  stage  where  calculations  can  be  made  with  the  models  to 
assist  in  designing  field  modification  experiments. 

No  modification  attempts  were  made  during  the  1968 
hurricane  season  because  no  hurricane  was  available  at  the 
right  place  at  the  right  time.   The  aircraft  units  assigned 
to  STORMFURY  became  available  August  5,  and  some  of  them  were 
released  to  other  activities  on  October  15.   In  a  normal  year 
80  percent  of  the  hurricanes  occur  between  August  5  and 
October  15.   Unfortunately  for  the  Project,  during  this  period 
in  the  areas  south  of  about  35°N  latitude,  1968  was  the  least 
active  hurricane  season  since  1925.   Only  one  other  year,  1914, 
had  less  activity  since  before  1866,  the  first  year  for  which 
there  are  reasonably  complete  track  charts. 

Figure  1  shows  the  tropical  cyclone  tracks  for  1968 
near  the  STORMFURY  areas.   Of  the  seven  storms,  six  were  near 
the  areas,  but  they  all  formed  either  early  in  the  season, 
intensified  to  hurricane  force  after  moving  to  more  northerly 
latitudes  beyond  the  operational  range  of  the  Project,  or 
reached  hurricane  intensity  after  October  15.   Hurricane 
Gladys,  through  which  research  flights  were  made  on  October  16, 
17,  and  19,  was  the  only  hurricane  available  for  the  researchers 
This  storm  remained  so  close  to  land  that  there  would  have 
been  no  modification  experiments  even  if  all  the  Project  forces 
had  remained  available  after  October  15. 

Valuable  data  were  collected  in  the  research  flight  on 
October  16.   The  seeding  hypothesis  for  hurricane  modification 
assumes  that  there  is  an  abundance  of  liquid  water  in  these 
layers  of  subzero  temperatures  and  that  introduction  of 
freezing  nuclei  would  cause  the  water  to  freeze  and  give  up 


latent  heat  while  changing  ph 
evidence  had  been  collected  i 
mentation  had  prevented  direc 
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ase.   Although  much  indirect 
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in  Append  ix  D . 


Later  on  the  same  flight,  the  aircraft  encountered  severe 
turbulence  while  traversing  developing  wall  clouds  at  10,000  ft. 
This  caused  the  aircraft  to  be  grounded  for  several  days  for 
thorough  inspection.   There  was  no  further  opportunity  for 
additional  measurements  in  a  hurricane  in  1968.   In  the  portions 
sampled  of  these  developing  wall  clouds  the  water  content  was 
over  6  g/m-^  . 

Remarkable  progress  has  been  made  in  recent  years  in  the 
development  of  numer ica 1 -dynamic  a  1  models  of  hurricanes  (Ooyama , 
1969;  Rosenthal,  1969;  Rosenthal  and  Koss,  1968:  Yamasaki,  1968; 
Kuo,  1965).   Within  the  last  12  months,  both  Ooyama  and  Rosen- 
thal have  simulated  simple  hurricane  modification  experiments 
with  their  models.   These  promising  model  experiments  are 
discussed  more  fully  in  the  "Research  Activities"  section  of 
this  report . 

With  the  progress  made  in  data  collection  and  hurricane 
modeling  during  the  1968  STORMFURY  season,  we  believe  that  we 
are  much  closer  to  the  point  where  we  can  redesign  our  field 
experiments  to  lead  to  new  and  better  approaches  for  modifying 
hur r  icanes . 

In  the  later  sections  of  this  report,  the  1968  organization 
activities,  and  operations  of  the  Project  are  more  completely 
des  c:  ibed  . 


HISTORY  AND  ORGANIZATION 


Project  STORMFURY  is  a  joint  ESSA-Navy  program  of  scien- 
tific experiments  designed  to  explore  the  structure  and  dyna- 
mics of  tropical  storms  and  hurricanes  and  their  potential  for 
modification.   It  was  established  in  1962  with  the  principal 
objective  of  testing  a  physical  model  of  the  hurricane's 
energy  exchange  by  strategic  seeding  with  silver  iodide  crystals 


These  crystals  have  been  dispensed  by  Navy  aircraft  using 
Navy -deve loped  special  pyrotechnic  devices.   The  hypothesis 
would  call  for  a  measurably  modified  storm  or  hurricane.   Navy 
and  ESSA  scientists  and  aircraft,  supplemented  by  those  of  the 
U.S.  Air  Force,  have  cooperated  in  STORMFURY  experimental 
operations  since  1962  when  the  Project  began.   To  date,  one 
mature  hurricane  (Beulah,  1963)  and  two  series  of  tropical 
cumulus  clouds  (August  1963  and  July-August  1965)  have  been 
experimentally  seeded  in  the  Western  Atlantic  and  Caribbean 
Sea  .* 

The  initial  1962  Project  STORMFURY  agreement  between  the 
Department  of  Commerce  and  the  Department  of  the  Navy  covered 
three  years,  and  it  has  been  renewed  annually  since  then. 
The  1968  agreement  covered  a  larger  area  of  operations  and 
was  based  on  the  criteria  for  eligibility  for  seeding  and 
experimentation  adopted  in  1967. 

Dr.  Robert  M.  White,  ESSA  Administrator,  and  Captain  E.  T. 
Harding,  U.S.  Navy,  Commander  of  the  Naval  Weather  Service 
Command,  have  over-all  responsibility  for  this  cooperatively 
administered  Project. 

The  Project  Director  in  1968  was  Dr.  R.  Cecil  Gentry, 
Director  of  the  National  Hurricane  Research  Laboratory  (NHRL) , 
Miami,  Florida.   The  Alternate  Director  was  Mr.  Harry  F.  Hawkins, 
also  of  NHRL.   The  Assistant  Project  Director  and  Navy  Project 
Coordinator  was  Captain  Robert  J.  Brazzell,  U.S.  Navy, 
Commanding  Officer  of  the  Fleet  Weather  Facility,  Jacksonville, 
Florida  (FLEWEAFAC  JAX ) .   The  alternate  to  the  Assistant 
Project  Director  was  Commander  James  D.  McGill,  U.S.  Navy, 
also  of  FLEWEAFAC  JAX.   Mr.  Clement  J.  Todd  of  the  Navy 
Weather  Research  Facility,  Norfolk,  Virginia  (WEARSCHFAC) 
was  Technical  Advisor  to  the  Navy  for  STORMFURY,  and  Mr. 
Jerome  W.  Nickerson,  also  of  WEARSCHFAC  acted  as  Navy  Liaison 
for  Instrument  Matters.   Mr.  Max  W.  Edelstein  of  the  Naval 
Weather  Service  Command  Headquarters,  Washington,  D.C.  was 
assigned  liaison  duties  representing  the  Navy, and  Mr.  William  D. 
Mallinger  of  the  National  Hurricane  Research  Laboratory  was 
assigned  liaison  duties  for  the  Project  Director  and  acted  as 
Data  Quality  Control  Coordinator. 


*See  Project  STORMFURY  Annual  Reports  for  1963,  1964,  1965, 
1966,  and  1967. 


PROJECT  STORMFURY  ADVISORY  PANEL 

The  Advisory  Panel  is  representative  of  the  scientific 
establishment  and  provides  guidance  to  the  Project  through 
its  consideration  of  various  scientific  and  technical  prob- 
lems.   Its  recommendations  have  proved  of  great  value,  par- 
ticularly in  planning. 

The  Panel  reviews  proposed  experiments  and  makes  recom- 
mendations concerning  priorities  and  adequacy  of  design.  It 
continues  to  be  extremely  interested  in  the  c loud -nuc lea t ing 
capabilities  of  the  silver  iodide  pyrotechnic  devices  used  in 
cloud  seeding  and  has  emphasized  the  necessity  for  an  objec- 
tive testing  system  to  delineate  accurately  the  nucleation 
efficiency  under  various  conditions. 

During  1968  the  Advisory  Panel  consisted  of  the  following 
prominent  scientists: 

Dr.  Noel  E.  LaSeur,  Panel  Chairman,  Florida  State  Uni- 
vers  ity 

Dr.  Daniel  F.  Rex,  National  Center  for  Atmospheric  Research 

Dr.  Jerome  Spar,  New  York  University 

Dr.  Edward  N.  Lorenz,  Massachusetts  Institute  of  Tech- 
nology 

Dr.  James  E.  McDonald,  University  of  Arizona. 

Meetings  of  the  Advisory  Panel  and  representatives  of  the 
cooperating  agencies  were  held  in  San  Francisco,  California, 
on  February  1  and  2,  1968,  and  in  Miami,  Florida,  December  18- 
20,  1968.   The  recommendations  of  the  Miami  Advisory  Panel 
Meeting  are  included  in  this  report  as  Appendix  A. 


PUBLIC  AFFAIRS 

The  public  affairs  team  plan,  implemented  in  1967,  was 
continued  in  1968.   The  teams,  composed  of  ESSA  and  Navy  public 
affairs  personnel  at  the  staging  base  and  at  Miami  and  Wash- 
ington, handled  much  of  the  public  information  on  Project 
STORMFURY.   A  coordinated  press  release  and  fact  sheet  on  plans 
for  STORMFURY  were  distributed  in  advance  of  the  hurricane 
season.   Although  no  forces  were  deployed  for  tropical  storm 
or  hurricane  seeding  during  1968,  they  were  assembled  during 
the  dry  runs  in  August  and  again  during   cloudline  experiments 
in  October  . 


Particularly  during  these  periods,  and  throughout  the 
season,  the  press  and  other  news  media  were  very  interested 


in  the  Project.   Two  aircraft  seats  were  to  be  made  available 
on  a  pool  basis  to  their  representatives  during  each  day's 
operation,  one  for  the  printed  news  media  and  the  other  for 
a  cameraman  representing  TV  networks.   This  team  concept 
appeared  to  best  fit  STORMFURY's  public  affairs  requirements. 


PYROTECHNIC  DEVICES  -  SILVER  IODIDE 

The  "Alecto"  pyrotechnic  device  for  generating  silver 
iodide  crystals  was  no  longer  used  in  1968.   It  was  replaced 
because  of  chemical  deterioration  after  long  periods  of  storage 
under  sometimes  less  than  ideal  conditions. 

In  the  1968  season,  the  pyrotechnic  used  was  the  Naval 
Weapons  Center,  China  Lake,  STORMFURY  I  unit  ,   containing  a 
composition  called  LW-83,  developed  under  the  leadership  of 
Dr.  Pierre  St.  Amand .   Testing  and  evaluation  of  the  nuclea- 
tion  effectiveness  of  the  LW-83  unit  is  continuing  and  closer 
agreement  between  various  testing  facilities  is  being  achieved 
by  improved  testing  facilities  and  refined  techniques.   This 
and  other  STORMFURY  pyrotechnics  are  discussed  in  Appendix  B 
of  this  report . 


AREAS  OF  OPERATIONS 

Eligible  areas  for  experimentation  were  increased  in  1968 
by  the  addition  of  the  Gulf  of  Mexico  and  the  Caribbean  Sea 
to  the  previously  authorized  southwestern  North  Atlantic 
r eg  ion  . 

These  areas  are  defined  by  the  following  guidelines: 
a  tropical  cyclone  in  the  southwestern  North  Atlantic  Ocean, 
Gulf  of  Mexico,  or  Caribbean  Sea  is  considered  eligible  for 
seeding  as  long  as  there  is  only  a  small  probability  (10  per- 
cent or  less)  of  the  hurricane  center  coming  within  50  mi  of 
a  populated  land  area  within  2k    hours  after  seeding  (see 
fig.  2)  . 

There  are  two  primary  reasons  for  not  seeding  a  storm 
near  land.   First,  a  storm  seeded  further  out  at  sea  will  have 
reverted  to  "nature's  own"  before  affecting  a  land  mass. 
Second,  marked  changes  in  the  structure  of  a  hurricane  occur 
when  it  passes  over  land.   These  land-induced  modifications 
would  obscure  the  short-range  effects  produced  by  the  seeding 
experiments  and  greatly  complicate  the  scientific  evaluation 
of  the  results. 
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PLANS  FOR  FIELD  OPERATIONS  -  1968 

The  period  August  5  to  October  15  was  established  for 
STORMFURY  operations  in  1968.   The  following  aircraft  units 
were  maintained  in  readiness: 

1.  Navy  Weather  Reconnaissance  Squadron  FOUR  -  five  WC-121N' 

2.  Navy  Attack  Squadron  SEVENTY  FIVE  -  five  A-6  Intruders. 

3.  ESSA  Research  Flight  Facility  -  two  DC-6's,  one  WB-57, 
and  one  C -54 . 

4.  Air  Force,  53rd  Weather  Reconnaissance  Squadron  - 
one  WC-130(\  and  one  WB-47. 

The  basic  operational  plan  for  1967  was  revised  and  updated 
based  on  the  aircraft  and  instrumentation  available  and  sci- 
entific information  desired. 

Project  STORMFURY  Operational  Plan  No.  1-68  was  the  result 
of  the  combined  efforts  of  many  persons  representing  ESSA; 
Headquarters,  Naval  Weather  Service  Command;  Fleet  Weather 
Facility,  Jacksonville;  Navy  Weather  Research  Facility,  Norfolk; 
Naval  Weapons  Center,  China  Lake;  Air  Force  Air  Weather  Service; 
the  Federal  Aviation  Agency;  and  the  aviation  squadrons  and 
units  participating  in  the  Project.   The  plan  specified  in 
detail  the  flight  operations,  communications,  instrument  cali- 
bration and  use,  data  collection,  distribution  and  archiving, 
logistic  and  administrative  procedures,  air  space  reservations 
agreement,  and  public  affairs. 


As  recommended  by  the  STORMFURY  Advisory  Panel,  Project 
officials  gave  first  priority  to  the  multiple  seeding  of  the 
hurricane  eyewall  experiment.   Almost  equal  priority  went  to 
the  hurricane  rainband  experiment.   A   cloudline  experiment 
was  also  planned  in  the  event  that  after  deployment  of  the 
a ircr af t , opportun i t ies  for  neither  of  the  first  two  experiments 
presented  themselves.   Plans  also  provided  for  a  series  of  fall- 
back research  missions,  if  no  eligible  hurricane  or  cloud 
system  was  available  after  deployment  of  Project  forces.   These 
would  be  data -gather ing  and  storm-monitoring  operations  in 
unseeded  storms. 

The  multiple  seeding  eyewall  experiment  calls  for  five 
seedings  at  2 -hour  intervals,  each  consisting  of  dropping 
208  pyrotechnic  units  along  a  radial  flight  path  across  the 
eyewall,  starting  just  outside  the  region  of  maximum  winds. 
The  hypothesis  was  that  these  1040  pyrotechnic  units,  if 


properly  placed  in  the  clouds  in  and  around  the  eyewall  should 
cause  variations  in  the  pressures  and  reductions  in  the  maximum 
winds  that  could  be  distinguishable  from  the  variations  that 
occur  naturally  in  hurricanes.   A  great  deal  of  experimental 
data  must  be  obtained,  however,  before  definite  conclusions- 
can  be  reached,  because  the  magnitude  of  natural  variations  in 
hurricanes  is  very  often  nearly  the  same  as  that  of  the  hypo- 
thesized art  if ic ia 1 ly -indue ed  changes. 

The  rainband  is  an  important  link  in  the  hurricane's  cir- 
culation system  and  may  prove  to  be  the  best  region  in  which 
to  attempt  hurricane  modification.   Several  research  findings 
suggest  that  a  redistribution  of  energy  in  the  rainbands  could 
lead  to  modification  of  the  storm  itself. 

The  cloudline   experiment  may  provide  vital  data  to  help 
understand  the  dynamics  of  clouds  organized  into  systems, 
such  as  in  rainbands.   It  is  important  to  know  whether  and 
to  what  extent  modification  of  groups  of  clouds  will  affect 
other  clouds  in  the  same  or  nearby  lines.   These  experiments 
can  be  conducted  when  there  are  no  hurricanes  and  should  pro- 
vide opportunities  for  improving  knowledge  of  seeding  effects 
and  for  testing  seeding  procedures. 

Project  STORMFURY  field  experiments  are  very  complex 
operations  requiring  extensive  planning.   At  times  during 
the  eyewall  experiment,  as  many  as  10  aircraft  could  be 
operating  in  the  hurricane's  circulation.   Safety  of  the  air- 
craft and  personnel  is  paramount  in  the  successful  conduct 
of  the  experiments.   Considering  the  high  winds,  torrential 
rains,  mountainous  seas,  and  turbulent  conditions  under  which 
these  operations  are  carried  out,  it  is  obvious  that  training, 
professionalism,  and  dedication  are  vital  to  safe  and  success- 
ful operations. 

Radars  and  communication  equipment  must  be  completely 
reliable.   The  seeder  aircraft  must  be  carefully  vectored  to 
their  pyrotechnic  release  points  by  both  radar  and  voice 
communications.   Radar  is  vital  to  data  collection  and  deter- 
mination of  experimental  results.   For  these  reasons  it  becomes 
almost  mandatory  that  flight  crews  undergo  dry-run  rehearsals 
before  actual  hurricane  experiments  to  test  equipment  and  pro- 
cedures and  to  provide  proper  training  for  the  crews. 


FIELD  OPERATIONS  -  DRY  RUNS 


Dry  runs  were  conducted  at  the  Naval  Station,  Roosevelt 
Roads,  Puerto  Rico,  on  August  6  and  7,  1968,  with  briefing  on 


the  afternoon  of  the  5th.   Simulated  hurricane  eyewall,  rain- 
band,  and  cloudline  experiments   were  conducted   in  the 
operations  area  north  of  Roosevelt  Roads.   Participating  in 
the  dry  runs  were  personnel  and  aircraft  of  the  Navy  Weather 
Reconnaissance  Squadron  FOUR  (VW-4),  Jacksonville,  Florida; 
Navy  Attack  Squadron  SEVENTY  FIVE  (VA-75),  Oceana,  Virginia; 
ESSA  Research  Flight  Facility,  Miami,  Florida;  and  the  Air 
Force  53rd  Weather  Reconnaissance  Squadron,  Ramey  AFB ,  Puerto 
Rico.   Also  taking  part  were  scientists  from  the  Naval  Weather 
Service  Command  Headquarters,  Washington,  D.C.;  Naval  Weapons 
Center,  China  Lake,  California;  Navy  Weather  Research  Facility, 
Norfolk,  Virginia;  and  ES SA ' s  National  Hurricane  Research 
Labo  rator y . 

The  dry  runs  were  considered  a  success.   They  provided  an 
opportunity  not  only  for  practicing  coordination  and  flight 
patterns,  but  for  finding  better  methods  of  obtaining  infor- 
mation from  data  sensors  and  recording  equipment  and  for 
training  operators  in  their  optimum  use.   Some  pyrotechnics 
were  actually  dropped  to  test  the  releasing  racks  and  the  ex- 
ercises were  made  as  realistic  as  possible.   All  groups  per- 
formed in  an  outstanding  manner. 


FIELD  OPERATIONS 

No  tropical  storm  or  hurricane  became  eligible  for  seedini 
under  the  prescribed  seeding  rules  in  1968,  but  a  portion  of 
the  forces  did  combine  for  a  cloudline   experiment  off  of  the 
coast  of  Florida  on  October  1-4.   The  units  participating  were 
two  WC-121N's,  two  DC-6's,  a  WB-57,  and  a  WC-130.   No  seeding 
was  performed,  however,  because  the  weather  systems  did  not 
produce  suitable  cloudlines.   Valuable  cloud  physics  data 
were  collected,  and  experience  was  gained  in  conducting  an 
experiment  of  this  type.   As  a  result,  aircraft  flight  tracks 
were  redesigned  to  make  them  more  practical  and  to  permit 
optimum  data  collection. 


RESEARCH  ACTIVITIES 

Research  programs  on  the  hurricane  problem  and  tropical 
meteorology  have  continued  throughout  the  year  at  the  National 
Hurricane  Research  Laboratory  and  at  the  Naval  Weather  Research 
Facility.   The  latter  continued  its  broad  program  of  research 
in  tropical  meteorology,  especially  on  tropical  cyclones.   It 
is  also  extensively  involved  in  weather  modification  studies, 
with  emphasis  placed  on  experiment  design  and  evaluation,  in- 
cluding computer  exploration  of  the  relevant  atmospheric  pro- 
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cesses  with  mathematical  simulation  models.   Substantial  pro- 
gress has  been  made  in  obtaining  a  clearer  understanding  of 
the  possibilities  of,  and  procedures  for,  modifying  severe 
tropical  storms,  in  initiating  collection  of  the  basic  cloud 
physics  data,  and  in  upgrading  radarscope  photography  capabi- 
lities.  See  Appendix  C  for  a  report  by  the  WEARSCHFAC  . 

The  NHRL  has  made  significant  progress  in  several  areas 
directly  related  to  hurricane  modification.   New  cloud  physics 
instruments  were  used  effectively  in  the  cloudline  experiment 
and  on  research  flights  into  Hurricane  Gladys  in  measuring 
liquid  and  solid  water  content  of  the  cumuloform  clouds.   Ad- 
ditional studies  have  also  been  made  based  on  radiosonde  data 
collected  near  hurricane  centers.   Appendices  D  and  E  contain 
reports  on  these  studies. 

Hurricane  structure  and  energetics  are  also  being  studied 
in  efforts  to  develop  new  or  modified  STORMFURY  hypotheses  and 
experiments.   In  addition,  research  is  being  conducted  on  the 
feasibility  of  sea-air  evaporation  suppression  in  tropical 
eye  1  one  s  . 


During  1968  and  1969 
continued  to  advance.  In 
Ooyama  and  Rosenthal  have 
fication  experiments  with 
Dr.  Ooyama  has  used  his  m 
effect  of  reducing  the  tr 
the  atmosphere  within  100 
would  simulate  the  effect 
inhibit  evaporation.  As 
experimental  investigatio 
1957)  the  calculations  sh 
reduce  the  intensity  of  t 


,  development  of  hurricane  modeling 
the  past  12  months,  both  Drs . 
simulated  simple  hurricane  modi- 
their  models.   At  NHRL's  request, 
odel  of  a  hurricane  to  calculate  the 
ansfer  of  energy  from  the  ocean  to 
km  of  the  center  of  the  storm.   This 
of  putting  a  film  on  the  ocean  to 
indicated  by  earlier  theoretical  and 
ns  (Miller,  1964;  Palmen  and  Riehl, 
owed  that  such  action  would  indeed 
he  model  hurricane. 


Dr.  Rosenthal's  model  has  more  resolution  and  degrees  of 
freedom  in  the  vertical  than  Dr.  Ooyama's  and  uses  the  primi- 
tive equations.   It  has  been  used  to  obtain  information  for 
designing  the  seeding  experiments.   Rosenthal  (1969)  has  made 
numerous  integrations,  with  results  that  closely  resemble  the 
life  cycle  of  real  tropical  cyclones.   Initial  conditions 
consist  of  a  vortex  that  is  only  weakly  baroclinic  and  in 
gradient  balance.   This  initial  balance  is  destroyed  by  fric- 
tion, and  the  meridional  circulation  and  heating  function  es- 
tablish themselves.   Although  the  model  is  still  being  improved 
it  already  simulates  many  features  of  a  hurricane  quite  well. 


In  one  of  the  seeding  experiments  planned  for  STORMFURY, 
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silver  iodide  crystals  are  deposited  in  the  clouds  near  the 
eye  of  the  storm  (Gentry  and  Edelstein,  1968).   Dr.  Rosenthal 
asked  his  model  whether  to  seed  across  the  belt  of  maximum 
winds  or  just  beyond  them.   He  simulated  the  seeding  experi- 
ment by  increasing  the  heating  function  at  the  rate  of  2oC 
per  one-half  hour  for  one-half  hour.   For  guidance  on  where 
to  seed,  the  model  was  used  to  simulate  the  seeding  experiment 
on  two  different  concentric  bands.   One  band  spanned  the  radius 
of  maximum  winds  at  30  to  50  km  from  the  center;  the  other  was 
outside  that  radius  at  50  to  70  km.   The  results  of  the  two 
simulations  are  compared  in  figure  3.   The  dotted  line  repre- 
sents results  from  the  unmodified  model,  the  broken  line 
gives  the  results  of  simulated  seeding  across  the  radius  of 
maximum  winds,  and  the  solid  line  gives  results  of  simulated 
seeding  outside  the  radius  of  maximum  winds.   The  inference 
is  that  the  greatest  reduction  in  maximum  intensity  can  be 
accomplished  by  seeding  outside  the  radius  of  maximum  winds. 

The  important  point  here  is  that  models  have  become 
sufficiently  developed  that  their  output  can  be  used  in  de- 
signing field  experiments.   The  results  could  be  interpreted 
to  mean  either  that  seeding  would  cause  a  temporary  reduction 
in  intensity  of  the  storm  or  cause  a  change  in  phase  of  the 
quas i -per iod ic  variation  of  the  maximum  wind  generated  by  the 
model.   Either  interpretation  must  be  tempered  by  the  fact  that 
none  of  the  hurricane  models  is  sufficiently  perfected  for 
complete  reliance  on  its  results.   They  are  encouraging,  how- 
ever, in  that  these  calculations  can  be  made  and  that  the 
results  appear  reasonable. 


OPERATIONAL  AND  RESEARCH  DATA  PROBLEM  AREAS 

Continued  emphasis  was  placed  on  the  perennial  problem 
of  improving  the  data  collected  to  increase  their  research 
potential.   One  central  commercial  developer  was  used  by  the 
Project  for  radar  photography.   The  Data  Quality  Control 
Coordinator  was  designated  to  ensure  expeditious  processing, 
copying,  and  handling  of  all  STORMFURY  film.   Reports  of  radar 
photography  discrepancies  were  quickly  transmitted  to  the 
parent  squadron  so  that  corrections  to  the  radars  or  cameras 
could  be  made.   Cameras  were  thoroughly  pre-checked  and  ad- 
justed to  provide  better  focusing  and  more  dependable  opera- 
tions.  These  actions,  and  diligence  on  the  part  of  the  radar 
operators  and  photographers,  notably  improved  the  quality  of 
the  radar  photographs  during  the  1968  season. 

A  continued  deficiency  was  the  lack  of  a  properly  in- 
strumented aircraft  that  could  measure  the  liquid-  and  solid- 
water  content  for  particle  size  and  distribution  at  altitudes 
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from  22,000  to  26,000  ft.   Some  measurements  were  made  at  levels 
up  to  22,000  ft  by  ESSA's  DC-6  aircraft,  whi ch , howeve r,  cannot  make 
sustained  flights  at  this  altitude  or  at  the  higher  altitudes 
required . 

Although  the  area  for  eligible  seeding  was  enlarged,  no 
opportunities  for  conducting  experiments  in  tropical  cyclones 
appeared.   This  was  the  second  year  in  a  row  that  such  a 
dearth  of  storms  during  this  period  occurred  and  the  only 
two  years  out  of  the  past  fifteen  when  no  storms  were  eligible 
under  current  seeding  eligibility  rules.   (See  1967  STORMFURY 
Annual  Report,  Appendix  B.) 


OUTLOOK  FOR  1969 

Current  plans  are  for  continued  Project  STORMFURY  opera- 
tions in  1969.   No  changes  in  the  authorized  areas  for  seeding 
or  in  the  eligibility  rules  are  envisioned.   Priorities  will 
be  changed  slightly  to  reflect  the  Advisory  Panel's  recommenda- 
tions.   (See  fig.  1.) 

The  Assistant  Project  Director,  Captain  Robert  J.  Brazzell, 
U.S.  Navy,  is  scheduled  for  transfer  prior  to  the  1969  opera- 
tional season.   His  relief  will  be  Commander  Leland  J.  Under- 
wood, U.S.  Navy.   The  alternate  to  the  Assistant  Project  Direc- 
tor, Commander  James  D.  McGill,  U.S.  Navy,  has  been  transferred, 
and  will  be  replaced  by  Commander  James  0.  Heft,  U.S.  Navy, 
for  1969.   No  other  changes  in  top  management  are  foreseen  at 
this  time.   Membership  of  the  Project  STORMFURY  Advisory  Panel 
for  1969  changed  in  February  1969,  with  Dr.  Daniel  F.  Rex  of 
the  National  Center  for  Atmospheric  Research,  Boulder,  Colorado, 
requesting  replacement  because  he  had  accepted  a  visiting 
professorship  in  the  Department  of  Geosciences  at  the  Univer- 
s  ity  o  f  Hawa  i  i . 

Forces  in  1969  will  be  approximately  the  same  as  in  1968, 
with  the  possible  addition  of  high-level  aircraft  support 
from  the  Air  Force  during  some  of  the  operations.   The  pyro- 
technic units  will  also  be  the  same  as  in  1968,  with  the 
possible  addition  of  some  units  with  less  nucleating  material 
to  be  used  in  cloudline  or  rainband  experiments. 

There  is  a  good  likelihood  that  new  cloud  physics  instru- 
ments will  be  available  to  the  Project.   If  practicable,  they 
will  be  mounted  on  the  Air  Force  WC-130  aircraft  so  that  data 
can  be  gathered  from  the  22,000-  to  30,000-ft  layer. 

Chances  for  sea-air  evaporation  field  experiments  in 
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1969  are  slim  at  this  time.   Work  on  finding  improved  chemicals 
and  possible  techniques  for  this  type  of  hurricane  modifica- 
tion will  continue. 

Operations  in  the  Pacific  during  1969  are  not  planned. 
A  report  on  potential  tropical  cyclones  in  the  Pacific  for 
experimentation  is  attached  as  Appendix  F. 


SUMMARY 

Project  STORMFURY  experimental  operations  planned  by 
ESSA  and  the  Navy  for  1968  specified  the  hurricane  eyewall 
experiment  at  first  priority,  due  to  the  infrequency  of  a 
suitable  hurricane  for  this  purpose.   Of  almost  equal  priority 
was  the  hurricane  rainband  experiment.   The  cloudline  experi- 
ments were  to  be  performed  whenever  forces  were  assembled 
and  suitable  cloudlines  could  be  found,  or  near  the  end  of 
the  STORMFURY  season  if  enough  other  experiments  had  not  been 
conducted  before  that  time. 

Full  forces  were  assembled  only  for  the  dry-run  exercises 
at  Naval  Station  Roosevelt  Roads,  Puerto  Rico.   Partial  forces 
flew  in  cloudline  experiments  off  the  east  coast  of  southern 
Florida  near  the  end  of  the  STORMFURY  season. 

Research  on  hurricane  modeling  and  future  modification 
experiments  continued  throughout  the  year,  and  plans  for  the 
1969  season  provide  for  improved  opportunities  for  experimen- 
tation and  increased  capabilities  for  collecting  the  quality 
research  data  needed. 

Judging  by  the  tropical  cyclone  tracks  of  the  last  1^ 
years,  the  1969  season  should  bring  seeding  opportunities. 
The  new  areas  of  operation  will  increase  the  probability  of 
conducting  seeding  expe r imen ts> as  will  exploratory  experiments 
on  lines  of  cumulus  that  can  be  carried  out  in  tropical 
weather  systems  other  than  cyclones. 
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APPENDIX  A 


RECOMMENDATIONS  OF  THE  ADVISORY  PANEL 
TO  PROJECT  STORMFURY 

January  1969 


INTRODUCTION 

Two  years  ago,  when  Project  STORMFURY  became  associated 
with  the  National  Hurricane  Research  Laboratory  (NHRL),  the 
Advisory  Panel,  after  considerable  deliberation,  recommended 
long-term  continuation  of  the  Project  with  expanded  support 
and  broadened  scope.   It  was  the  unanimous  opinion  of  the 
panel  members  that  previous  Project  efforts  provided  a 
foundation  for  an  expanded  effort  within  the  logical  frame- 
work of  NHRL.   More  specifically  the  Panel  recommended  at 
that  time  the  adoption  of  new  criteria  governing  permissi- 
bility of  experiments  in  hurricanes  in  order  that  opportunities 
for  such  experiments  would  be  increased  in  number;  recon- 
sideration and  redesign  of  c 1 oud -s eed ing  experiments  to 
include  convective  systems  of  varying  degrees  of  intensity 
and  organization  in  the  range  from  the  hurricane  eyewall  to 
simple  cloud  lines;  the  investigation  of  other  possible 
avenues  of  hurricane  modification;  the  improvement  of  in- 
strumentation for  monitoring  both  treated  and,  control  systems, 
especially  in  the  area  of  c loud -phys ics  data;  the  continued 
pursuit  of  mathematical  modelling  of  hurricanes  with  the 
simulation  of  various  possible  field  experiments  as  one 
objective;  and  continued  testing  of  the  pyrotechnic  seeding 
devices  to  resolve  the  uncertainties  as  to  absolute  and 
relative  nucleating  efficiency. 

In  spite  of  the  adoption  of  the  revised  permissibility 
criteria,  no  opportunity  for  a  hurricane  seeding  experiment 
has  occurred  during  the  1967  and  1968  seasons.   To  offset 
disappointment  from  these  (uncontrollable)  circumstances, 
the  Panel  is  pleased  to  recognize  progress  in  implementing 
several  other  of  the  above  recommendations.   A  wider  range  of 
seeding  experiments  has  been  designed  and  several  executed 
in  the  field  on  a  "dry-run"  basis,  although  no  actual  seeding 
was  carried  out.   New  instruments  for  measuring  liquid  and 
solid  water  contents  and  particle  size  have  been  installed  in 
aircraft  of  the  Research  Flight  Facility  (RFF)  and  successful 
measurements  have  been  obtained.   Other  improvements  in 
instrumentation  have  also  been  effected.   A  new  mathematical 
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model  of  the  hurricane  has  been  developed  within  NHRL, which 
has  been  utilized  in  a  preliminary  way  to  simulate  eyewall 
seeding  experiments  and  other  aspects  of  hurricane  behavior. 
This  model  is  a  useful  supplement  to  previously  existing 
models  which  continue  to  be  used.   None  of  the  models  as  yet 
gives  conclusive  answers  to  the  pertinent  questions,  but  fur- 
ther improvements  should  yield  more  realistic  results.   Finally, 
there  are  indications  that  new  testing  facilities  and  tech- 
niques are  now  producing  more  stable  and  reproducible  results 
as  to  the  nucleating  efficiency  of  the  pyrotechnic  seeding 
devices  employed  by  the  Project. 


RECOMMENDATION  ONE 

The  Panel  recommends  continuation  of  Project  STORMFURY 
for  at  least  5  years  together  with  appropriate  increases  in 
funds  and  facilities. 

Reas  ons  :   The  objectives  of  Project  STORMFURY  are  such 
as  to  require  a  long-term  approach  along  many  avenues  of 
research.   The  Panel  believes  past  performance  and  results 
to  be  sufficiently  encouraging  and  the  benefit/cost  ratio 
to  be  so  potentially  high  as  to  warrant  continuation  and 
expansion  of  the  effort.   A  recent  survey  of  the  activities 
and  objectives  of  Project  STORMFURY,  prepared  by  the  Project 
Director  and  others,  has  been  endorsed  by  the  Advisory  Panel 
with  the  recommendation  that  it  be  disseminated  to  the 
scientific  community  and  the  general  public. 


RECOMMENDATION  TWO 

With  regard  to  field  experiments  in  seeding  convective 
clouds  in  hurricanes  and  other  tropical  weather  systems,  the 
Panel  recommends  that  significantly  greater  emphasis  and 
priority  be  placed  on  the  seeding  of  organized  cloud  lines, 
within  or  without  the  hurricane  circulation.   However,  when 
and  if  the  opportunity  for  multiple  seeding  of  the  eyewall 
arises,  that  experiment  should  be  given  the  top  priority. 

Reasons  :   Limitations  imposed  previously  by  available 
pyrotechnic  seeding  devices  are  no  longer  so  severe.  The 
potential  value  of  comparing  the  behavior  of  seeded  and 
contro 1 -port  ions  of  organized  convective  cloud  lines  fully 
justifies  the  expenditure  of  available  pyrotechnics.   In  the 
absence  of  suitable  opportunity  for  multiple  eyewall  seeding, 
advantage  should  be  taken  of  the  earliest  opportunity  for 
cloud  line  seeding  experiments. 
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RECOMMENDATION  THREE 

It  is  recommended  that  each  period  of  authorized  field 
experiments  begin  with  a  "dry-run"  exercise  and  that  this 
include  practice  cloud  line  experiments. 

Reas  ons  :   In  this  way  all  personnel  involved  acquire 
familiarity  with  the  complex  operational  planSjSuch  as  to 
increase  the  probability  of  successful  execution  of  the 
various  experiments  when  opportunities  arise. 


RECOMMENDATION  FOUR 

It  is  recommended  that  all  types  of  data  and  analysis 
techniques  previously  employed,  plus  any  new  possibilities 
not  used  in  the  past,  be  investigated  and  reviewed  with  the 
objective  of  improving  the  de tectab i 1 ity  of  possible  effects 
from  seeding  experiments.   Additional  monitoring  of  natural 
variability  in  tropical  storms  and  cloud  lines  is  desirable. 

Reas  ons  :   There  is  increasing  evidence  that  effects 
induced  by  seeding  are  comparable  in  magnitude  to  natural 
variability.   In  itself,  this  is  not  necessarily  d is courag ing, 
since  induced  changes  comparable  to  natural  changes  could 
be  valuable  in  many  instances.   However,  it  is  essential  that 
means  for  better  discrimination  between  natural  and  induced 
variations  be  developed. 


RECOMMENDATION  FIVE 

The  Panel  recommends  increased  effort  in  the  improvement 
of  mathematical  models  of  hurricanes,  the  initiation  of  effort 
to  develop  models  of  cloud  lines. and  the  utilization  of  these 
models  to  simulate  various  modification  experiments.   In  order 
to  study  the  possible  effects  of  cloud  seeding  on  hurricane 
paths,  a  fully  three-dimensional  model  capable  of  dealing  with 
asymmetry  is  needed. 

Reas  ons  :   Although  present  models  reproduce  several 
essential  features  of  hurricane  structure  and  behavior  to  an 
encouraging  degree,  improvements  can  be  made.   Certain  phy- 
sical processes  can  be  included  in  a  more  realistic  manner  and 
computations  can  be  made  with  better  space-time  resolution, 
both  of  which  should  increase  the  probability  of  realistic 
simulation  of  experimental  influences.   Similar  techniques 
can  be  developed  for  cloud  lines.   Extension  of  the  studies 
to  include  fully  three-dimensional  models,  which  will  permit 
investigation  of  asymmetrical  effects, is  a  logical  evolution 
of  the  program. 
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RECOMMENDATION  SIX 

The  Panel  recommends  that  increased  effort  be  devoted  to 
the  exploration  of  other  possible  means  of  modifying  hurri- 
canes, such  as  influencing  sea-air  energy  exchange.   These 
investigations  may  include  preliminary  field  or  laboratory 
tests  on  a  limited  scale. 

Reas  ons  :   There  can  be  no  reasonable  doubt  that  sig- 
nificant interference  with  normal  sea-air  energy  exchange  in 
the  hurricane  would  greatly  influence  the  storm.   The  basic 
question  is  one  of  the  required  magnitude  of  the  needed 
influence  and  the  logistic  feasibility  of  applying  it. 
Preliminary  calculations  and  limited  field  or  laboratory 
results  are  necessary  before  the  design  of  any  extensive 
field  experiments. 


RECOMMENDATION  SEVEN 

The  Panel  recommends  further  improvement  in  the  capa- 
bility for  aircraft  measurements  of  cloud  physical  parameters 
including  ice  nuclei  concentration. 

Reasons  :   The  distribution  of  water  vapor,  liquid  and 
ice  and  the  associated  changes  of  phase  are  of  critical  im- 
portance.  Further  it  is  the  distribution  of  various  natural 
and  artificial  nuclei  and  their  nucleating  efficiency  in 
the  actual  atmospheric  environment  which  must  be  studied. 
Significant  beginnings  have  been  made  along  these  lines 
during  the  past  2  years,  but  much  more  is  needed  for  proper 
assessment  of  the  many  related  questions. 


RECOMMENDATION  EIGHT 

Efforts  should  be  continued  to  determine  the  absolute 
and  relative  nucleating  efficiencies  of  the  pyrotechnics 
under  laboratory  conditions,  and  these  should  be  disseminated 
to  the  scientific  community  by  means  of  publications  in 
appropriate  periodicals  without  delay. 

Reas  ons  :   Although  there  is  now  better  evidence  that 
these  pyrotechnics  can  effect  "massive  seeding"  in  reproducib 
laboratory  experiments,  residual  questions  as  to  absolute  and 
relative  efficiency  and  mechanisms  should  be  answered  and  the 
knowledge  disseminated. 

Noel  E.  LaSeur,  Chairman 
Edward  N.  Lorenz 
James  E.  McDonald 
Jerome  Spar 
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STORMFURY  PYROTECHNICS 

Shelden  D.  Elliott,  Jr. 

Naval  Weapons  Center 
China  Lake,  California 

Roge  r  Steele 
Mechanical  Engineering  Department 
Colorado  State  University 
Fort  Collins,  Colorado 

William  D.  Mallinger 
National  Hurricane  Research  Laboratory- 
Environmental  Science  Services  Administration 

Miami ,  Florida 


The  pyrotechnics  employed  since  the  inception  of  Project 
STORMFURY  in  1962  have  all  been  developed  by  the  Naval  Wea- 
pons Center,  China  Lake,  California,  under  the  direction  of 
Dr.  Pierre  St.-Amand.   This  report  summarizes  basic  informa- 
tion on  the  formulation  and  performance  of  these  pyrotechnics. 
It  also  describes  the  evolution  of  the  procedures  employed  in 
measuring  their  effectiveness  in  the  Colorado  State  University 
testing  facility  and  presents  some  of  the  data  thus  obtained. 


The  pyrotechnic  formu lat ion^ deve loped 
ployed  in  the  1963  experiment  on  Hurricane 
cumulus  seeding  experiments  in  1963  and  196 
CY  21  (table  1).   Two  types  of  units,  CYCLO 
containing  respectively   60  and  3.0  lbs  of 
ployed  on  Beulah.   Only  the  smaller  ALECTO 
the  subsequent  experiments.   A  second  formu 
producing  smaller  nuclei  with  greater  effec 
but  somewhat  less  effective  than  CY  21  at  1 
was  also  developed  for  the  1965  experiments 
and  1967  seasons,  Alectos  loaded  with  both 
modification,  CY  2 IM ,  of  the  original  formu 
pared.   These  formulations  are  also  given  i 


in  19  62  and  em- 
Beulah  and  in 
5, was  designated 
PS  II  and  ALECTO, 
C Y  2  1  were  em- 
unit  was  used  in 
lation,  CY  35, 
t  iveness  at  -5°C , 
ower  temperatures, 

For  the  1966 
Cy  35  and  a 
lation  were  pre- 
n  table  B-1 . 


The  ALECTOs  consisted  of  a  steel  motor  canister  2.5  in. 
in  diameter  and  7  in.  long,  weighing  4.8  lbs  ejected  from  an 
M-123  photoflash  cartridge  case;  the  round  had  a  total  weight 
of  6.8  lbs  and  produced  2.3  lbs  of  Agl  (CY  21M).   Eighty  units 
were  carried  aboard  the  seeder  aircraft  in  standard  photoflash 
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Table  B-1.   ALECTO  Chemical  Compositions 


Formu  la t  ion 
(by  wt) 


CY  21 
(%) 


CY  3  5 

(%) 


CY  2  IM 
(%) 


AgI03 
Al 

TMETN* 
B  inder 


89  .0 

1  .  5 

2  .5 
7  .0 


100  .0 
*Tr imethylo le thane  Trinitrate 
Agl  output  (calculated)  73.9% 


80.0 

5.0 

3.  5 

11.5 
100.0 

66.5% 


86  .0 
1.5 
5.5 

7.0 

100.0 

71.4% 


ejector  racks.   Burning  time  varied  considerably,  between 
approximately  40  and  75  sec,  as  changes  in  composition,  con- 
struction, and  exit  nozzle  size  were  specified.   Vertical 
fall  velocity  averaged  approximately  300  ft/sec,  with  a  down- 
range  travel  of  about  5,000  ft  over  12,000  to  22,000  ft  of 
fall. 

Based  upon  experience  acquired  in  other  programs  during 
the  intervening  period,  NWC  recommended  the  use  of  a  larger 
quantity  of  smaller  units  for  the  1968  and  subsequent  seasons. 
Amb lent -pres sure  burning  pyrotechnic  formulations  which  avoided 
the  need  for  massive  pres sure -res  is t ant  motor  housings  were 
also  recommended. 

The  LW  83  formulation  (table  B-2) ,  in  the  form  of  a  grain 
1.375  in.  in  diameter  and  4.0  in.  long,  weighing  290  g,  and 
loaded  into  an  M-112  photoflash  cartridge  case,  was  selected 
for  the  primary  seeding  round,  designated  STORMFURY  I,   In 
tests  at  NWC,  units  dropped  from  35,000  ft  (pressure  altitude) 
at  250  kt  burned  for  an  average  period  of  110  sec,  falling 
22,000  ft  vertically  and  travelling  4,000  to  5,000  ft  down- 
range.   Due  to  the  decreasing  vertical  fall  velocity  as  the 
grain  is  consumed,  at  least  half  of  the  burn  occurs  between 
20,000  and  13,000  ft,  concentrating  the  Agl  nuclei  produced 
in  the  desired  altitude  region.   Each  seeder  aircraft  carries 
208  STORMFURY  I  units  in  four  ejector  racks  of  fifty-two 
rounds  each. 
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A  second  unit,  STORMFURY  II,  similar  in  configuration  but 
using  a  5.2-in.  grain  containing  275  g  of  EW  20  formulation 
(table  B-3)  was  also  developed  for  1968,  but  production  was 
terminated  when  it  became  evident  that  the  scarcity  of  suitable 
storms  would  preclude  their  use. 


Table  B-2.   LW  83  Formulation  (Stormfury  I) 


Componen  t 
AgI03 
Al 
Mg 
B  inder 

Agl  output  (calculated) 


%  by  Wt 
78 
12 

6 

100 


65%  (190  grams/unit) 


Table  B-3.   EW  20  Formulation  (Stormfury  II) 


Component 
AgI03 
Al 
Mg 
KNO3 
B  inder 

Agl  output  (calculated) 


%  by  Wt 

28 

15 

7 

44 

6_ 

100 


23.2%  (49  grams/unit) 


Although  the  EW  20  formulation  yields  a  considerably 
lower  Agl  output,  the  nuclei  produced  are  of  relatively  high 
efficiency  and  have  the  added  advantage  of  becoming  inactive 
upon  prolonged  exposure  to  a  humid  environment,  thereby 
reducing  "carryover"  effects. 


B-3 


For  1969j  the  STORMFURY  I  round  will  be  retained  and 
additional  quantities  will  be  procured  for  eyewall  experiments. 
Units  similar  to  STORMFURY  II,  using  EW  20  or  related  mix- 
tures, will  be  developed  for  deployment  from  lower  altitudes 
in  cloud  line  and  rainband  experiments. 

The  above  formulations  and  units  have  been  subjected  to 
continuous  field  and  laboratory  tests  at  NWC  as  part  of  the 
over-all  Navy  weather  modification  program. 

Independent  laboratory  testing  on  a  more  extensive  scale 
has  been  conducted  at  Colorado  State  University. 

Until  about  mid-1968,  all  pyrotechnic  sources  as  well  as 
steady-state  sources  were  tested  in  a  small  dilution  tunnel 
that  had  a  test  section  about  18  in.  in  diameter  and  about 
12  ft  long,  with  the  flow  limited  to  about  5000  cfm.   The 
small  diameter  of  the  test  section  constrained  the  plume 
produced  by  field-type  pyrotechnic  devices,  and  the  results 
were  poor  because  of  excessive  wall  and  coagulation  losses. 
Also,  because  air  velocities  were  well  below  those  encountered 
in  the  field,  the  plume  from  the  pyrotechnic  was  not  ventilated 
in  the  same  way  as  it  would  be  in  free  fall,  and  the  concen- 
trations within  the  plume  therefore  were  much  higher  than 
those  encountered  in  the  field. 


For  these  reasons,  meaningful  measurements  for  field  use 
could  not  be  made.   Only  comparative  data  could  be  obtained, 
i.e.,  one  formulation  could  be  compared  with  another  under 
the  same  conditions.   It  was  then  assumed  that  the  pyrotechnic 
producing  the  highest  effectiveness  was  the  best,  a  procedure 
that  is  open  to  criticism  since  the  coagulation  characteristics 
of  different  formulations  may  produce  artifacts  that  would 
not  be  present  in  a  free  falling  pyrotechnic.   The  comparative 


^Steele,  R.  L.  and  C.  I.  Davis,  Performance  Characteristics 
of  Various  Artificial  Ice  Nuclei  Sources.   Journal  of  Applied 
Meteorology,  Vol.  7,  No.  4,  August  1968. 
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data  were  also  of  little  value  to  the  field  investigator  for 
estimating  the  amount  of  treatment  material  to  be  applied  to 
a  given  cloud  system. 

The  limitations  of  the  old  dilution  facility  clearly 
identified  the  needs  for  realistic  evaluation  of  STORMFURY 
and  other  pyrotechnic  devices  as  well  as  for  conventional 
steady-state  generations.   As  a  result,  the  vertical  wind 
tunnel,  shown  in  figure  B-2,  was  designed  late  in  1957.   Funds 
were  requested  from  the  National  Science  Foundation  to  build 
the  facility.   A  substantial  portion  of  these  funds  were 
granted,  and  the  remainder  was  obtained  from  ESSA  and  the 
U.S.  Bureau  of  Reclamation. 

Specifications  of  this  wind  tunnel  are  as  follows: 
test  section,  45  in.  in  diameter  and  about  60  ft  long; 
over-all  height  of  the  tunnel,  including  the  fan,  about 
80  ft;  maximum  air  flow,  130,000  cfm  at  a  corresponding 
velocity  of  205  ft/sec;  and  minimum  controlled  flow,  400  cfm 
under  natural  draft  conditions.   This  rather  wide  range  of 
test  section  velocities  permits  evaluation  of  all  types  of 
ice -nuc le i -produc ing  devices  under  natural  simulated  conditions. 

After  a  normal  shakedown  period  and  after  necessary  ini- 
tial tests  with  steady-state  generators,  evaluation  of  pyro- 
technics began.   To  date,  preliminary  results  are  available 
for  two  formulations  of  interest  to  STORMFURY,  namely,  the 
LW  83  and  EW  20.   These  units  were  tested  under  simulated 
free  fall  conditions  in  the  vertical  wind  tunnel,  and  the  results, 
shown  in  figures  B-3  and  B-4,  were  reported  at  the  STORM- 
FURY Panel  Meeting  in  Miami  in  December  1968.   Effectiveness 
is  plotted  against  tunnel  flow.   Performance  is  shown  at  three 
temperatures,  -20^0,  -15°C,  and  -10°C ,  respectively.   Also 
shown  are  the  dilution  ratios  used  in  sampling  from  the  tunnel. 

These  results  strongly  indicate  that  the  performance  of 
the  pyrotechnic  in  the  testing  chambers  rises  rapidly  as 
the  free  fall  velocity  is  approached.   The  effectiveness  is 
therefore  about  an  order  of  magnitude  higher  at  free  fall 
velocity  than  that  reported  under  the  initial  test  conditions. 

The  results  shown  in  figure  B-5  are  included  to  demonstrate 
that  coagulation  is  still  a  dominant  variable  in  the  effective- 
ness of  the  pyrotechnic.   The  increase  in  effectiveness  with 
increase  in  the  dilution  factor  (parameter  in  parentheses  at 
right  of  curves)  indicates  that  coagulation  is  still  present 
in  significant  amounts,  even  at  the  free  fall  velocity.   The 
effectiveness  value  reported,  therefore,  may  still  not  be 
representative  of  the  actual  field  ef feet ivenes s, and  for  this 
reason  the  results  remain  preliminary. 
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Other  work  under  ESSA  and  Navy  sponsorship  should  permit 
final  resolution  of  this  question.   Current  evaluation  of  the 
effectiveness  of  a  given  pyrotechnic  at  various  distances 
from  it,  by  study  of  samples  taken  in  the  tunnel  at  various 
operating  platforms,  will  make  it  possible  to  determine 
effectiveness  versus  distance  from  the  pyrotechnic  and,  in 
turn,  to  evaluate  plume  coagulation  loss.   The  latter  quan- 
tity can  then  be  employed  to  predict  in  situ  effectiveness  of 
the  pyrotechnic. 

Studies  under  this  same  sponsorship  will  permit  the 
variation  of  nuclei  concentration  within  the  plume  by  a 
factor  of  100, which  will  make  it  possible  to  establish 
concentrations  in  which  coagulation  is  not  a  dominant  vari- 
able in  the  effectiveness  function.   Also  included  is  research 
on  the  influence  of  the  cloud-size  water  droplets  on  the 
pyrotechnic  plume  by  introduction  of  liquid  water  at  the  inlet 
of  the  tunnel  while  the  pyrotechnic  is  burning  to  note  the 
change  in  effectiveness.   Of  importance  is  that  the  amount 
of  aerosol  collected  by  the  droplets  will  thereby  be  evaluated; 
the  ice  nuclei  collected  by  the  droplets  may  in  turn  promote 
future  freezing  of  these  drops  when  they  are  lifted  above  the 
f reez  ing  level . 

Progress  has  been  made  in  evaluating  the  nucleation  per- 
formance of  pyrotechnics  in  free  fall  by  use  of  the  vertical 
wind  tunnel  described  above.   The  effectiveness  of  these 
devices  is  about  an  order  of  magnitude  higher  as  measured 
under  free  fall  conditions  than  under  the  old  test  conditions. 
Coagulation  in  the  plumes  at  free  fall  is  still  significant, 
however,  and  much  work  remains  to  be  done  before  final  effec- 
tiveness can  be  reported. 
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NAVY  WEATHER  RESEARCH  FACILITY  STORMFURY 
ACTIVITY  AND  RESEARCH 

Staff,  Navy  Weather  Research  Facility 

INTRODUCTION 

The  Navy  Weather  Research  Facility  (WEARSCHFAC)  is 
engaged  in  a  continuing  broad  program  of  research  in  tropical 
meteorology,  especially  on  tropical  cyclones   and  is  also 
extensively  involved  in  weather -mod  if ica t ion  studies,  with 
emphasis  on  experiment  design  and  evaluation  incorporating 
computer  exploration  of  the  relevant  atmospheric  processes 
with  mathematical  simulation  models.   Project  STORMFURY 
participation  includes  a  number  of  coordinated  and/or  cooper- 
ative programs  with  the  Environmental  Science  Services 
Administration's  (ESSA)  National  Hurricane  Research  Laboratory 
(NHRL) ,  Research  Flight  Facility  (RFF),  and  Experimental 
Meteorology  Branch  (EMB)  of  the  Atmospheric  Physics  &  Chemistry 
Laboratory  in  planning,  observing,  and  evaluating  tropical 
cyclone  modification  and  related  experiments. 

Although  a  lack  of  eligible  mature  hurricanes  prevented 
the  conduct  of  an  eyewall  seeding  experiment  during  the  1968 
season,  WEARSCHFAC  devoted  considerable  effort  to  supporting 
overall  and  long-term  aspects  of  the  Project  STORMFURY  con- 
cept.  Substantial  progress  has  been  made  in  obtaining  a 
clearer  understanding  of  the  possibilities  of  and  procedures 
for  modifying  severe  tropical  storms,  in  initiating  collection 
of  the  basic  c loud -phys ics  data,  and  in  upgrading  airborne 
radarscope  photography  capabilities. 


PLANNING 

During  the  annual  meeting  of  the  Project  STORMFURY 
Advisory  Panel  at  Miami  in  December  1968, the  WEARSCHFAC  rep- 
resentative  reaffirmed  the  conviction  of  this  activity  that 
the  rainband  experiment  should  vigorously  be  prosecuted  - 
not  only  because  of  its  inherent  soundness,  but  in  view  of  the 
need  for  systematically  acquiring  improved  understanding  of 
convective  and  dynamic  processes  as  well  as  modification 
potential  at  progressively  larger  and  more  complex  scales  of 
motion.   Thus,  whereas  there  is  reason  to  advocate  that  the 
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original  hypothesis  of  seeding  the  eyewall  should  be  tested 
when  a  favorable  opportunity  arises  -  despite  the  fact  this 
phenomenon  is  poorly  understood  -  no  chance  should  be  over- 
looked (indeed,  suitable  occasions  should  emphatically  be 
sought)  to  test  the  rainband  hypothesis.   In  this  regard, 
there  exist  two  apparent  discrepancies  which  suggest  a  reex- 
amination of  currently  proposed  tropical  cyclone  models 
and  therefore  the  STORMFURY  concept: 

1.   Typhoon/hurricane  reconnaissance  crews  advise  that 
whereas  convective  turbulence  is  pronounced  in  feeder  bands, 
it  is  only  occasionally  encountered  in  eyewall  penetrations. 
It  is  recognized  that  reconnaissance  aircraft  endeavor  generally 
to  penetrate  at  points  where  radar  indicates  that  severe 
weather  is  minimal;  nevertheless,  there  is  also  a  distinct 
possibility  that  the  rising  air  in  the  eyewall  is  predominantly 
a  con vergence -  induced  upward  spiraling  about  the  center,  and 
that  the  eyewall  is  largely  composed  of  stratiform  rather  than 
cumuliform  clouds.   Perhaps  the  extreme  horizontal  and  ver- 
tical wind  shears  which  exist  in  and  near  the  eyewall  support 
this  contention.   If  so,  an  eyewall  modification  hypothesis 
which  is  predicated  upon  ice-phase  seeding  of  cumuli  may  bear 
recons  ideration . 


2.   Typhoon/hurricane  reconnaissance  crews 
existence  from  time  to  time  (in  storms  of  less  ( 
than  100-kt,  maximum-wind  intensity)  of  hurrican 
tropical  cyclones  in  which, except  for  overlying 
cloudiness  occurred  below  the  freezing  level  -  a 
700  mb  .   Occasions  have  also  been  reported  in  wh 
was  no  definable  eyewall.   Such  occurrences  are 
for  reexamining  not  only  existing  tropical  cyclo 
the  basic  Project  STORMFURY  concept  as  well.   WE 
attempting  to  determine  the  extent  to  which  the 
storm,s  of  this  nature  may  infer  that  the  STORMFU 
modification  experiment  should  be  subjugated  to 
hurricane  investigation  effort. 


report  the 
thus  f ar ) 
e -intens  i ty 
cirrus, all 
nd  even  below 
ich  there 
also  g  rounds 
ne  mode  Is ,  but 
ARSCHFAC  is 
existence  of 
RY  hurricane 
a  STORMFURY 


During  the  interim,  anaggressive  program  must  be  pursued 
in  the  laboratories  and  with  simulation  models  to  develop  the 
quantitative  guidelines  needed  for  enhanced  success  in  modi- 
fication experiments.   This  should  involve: 

1.  A  study  of  the  thermodynamic  structure  of  tropical 
cyclones  to  seek  indications  as  to  the  amount  of  potential 
energy  that  could  be  converted  into  kinetic  energ>'  by  ice- 
phase  seeding  or  other  feasible  modification  techniques. 

2.  From  investigations  of  a  number  of  tropical  cyclones, 
determine  a  more  realistic  estimate  as  to  the  frequency  with 
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which  significant  energy  releases  could  actually  be  achieved 
by  ice-phase  seeding.   It  seems  likely  that  suitable  conditions 
would  most  frequently  be  found  toward  the  outer  extremity  of 
feeder  bands  at  the  point  where  sizable  organized  convection 
first  penetrates  the  freezing  level,  and  vertical  as  well  as 
horizontal  wind  shears  are  not  yet  pronounced.   If  these 
cumuli  can  be  triggered  to  grow  to  the  tropopause,  as  has  been 
observed  in  ice-phase  seeding  of  other  tropical  cumuli,  it 
would  suggest  an  additional  approach  to  the  modification  of 
tropical  cyclone  dynamics. 

3.   Simulated  modification  procedures  should  be  explored 
with  computer  models  to  determine  quantitative  estimates  as 
to  the  effect  of  the  energy  released  by  seeding  upon  tropical 
cyclone  behavior.   In  the  absence  of  suitable  tropical  cyclones 
for  actual  experiments,  it  is  assumed  the  reasonably  analogous 
clouds  and  cloud  systems  can  be  found  in  other  tropical  regions 
where  the  conduct  of  tests  independent  of  Project  STORMFURY 
operations  would  be  permissible.   Presumably,  these  could  be 
used  for  practice  and  to  develop  the  very  necessary  improved 
understanding  of  seeding  effects,  without  the  complexities 
inherent  in  a  full-scale  tropical  cyclone  experiment. 

To  date,  Project  STORMFURY  has  resorted  to  seeding  from 
above  with  pyrotechnic  devices  that  burn  through  long  fall 
trajectories,  and  which  are  difficult  to  deliver  accurately 
upon  the  target  cloudCs).   WEARSCHFAC  has  suggested  the  testing 
of  low-level  seeding  into  the  inflow  regions  of  organized 
convective  systems  (e.g.,  feeder  bands  and  supposedly  the 
eyewall).   If  this  system  is  effective  it  would  have  many 
advantages  in  better  targeting  of  the  treatment,  and  in  pro- 
ducing the  sustained  treatment  that  may  be  necessary  to  modify 
tropical  cyclones.   Low-level  seeding  has  been  used  with 
success  in  prec ip ita t ion -management  programs,  and  should  be 
evaluated  both  by  simulation  studies  and  actual  experiments 
as  a  prospective  STORMFURY  technique. 


OPERATIONAL  SUPPORT 

Five  WEARSCHFAC  personnel  and  a  WEARSCHFAC  consultant 
participated  in  the  Project  STORMFURY  dry-run  and  cloudline 
operations,  and  were  on  standby  for  Project  STORMFURY  eyewall/ 
feeder-band  operations  throughout  the  1968  season. 

WEARSCHFAC  is  sponsoring  a  sustained  effort  to  upgrade 
the  weather  radar  and  radarscope  photography  capabilities  of 
Navy  hurricane/typhoon  reconnaissance  aircraft,  and  to  achieve 
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more  comprehensive  documentation  during  routine  hurricane/ 
typhoon  reconnaissance  as  well  as  STORMFURY  operations. 
Initially,  this  should  enhance  the  acquisition  of  more  detailed 
tropical  cyclone  data  for  research  purposes.   The  ultimate 
objective  is,  of  course,  the  development  of  improved  opera- 
tional observing  and  diagnostic  techniques.   ESSA/RFF  assisted 
in  this  effort  by  making  the  services  of  a  radar  photography 
expert  temporarily  available  to  both  AEWRON  ONE  and  WEARECONRON 
FOUR. 

WEARSCHFAC  has  provided  assistance  to  ESSA/RFF  and  EMB/ 
APCL  in  obtaining  and  analyzing  c loud -r ep 1 ic a  samples  in 
tropical  storms,  in  connection  with  studies  to  determine  the 
conditions  during  which  there  is  supercooled  water  suitable 
for  ice-phase  modification. 

A  cloud  model  that  uses  upper-air  soundings  to  predict 
the  potential  for  modification  of  convection  with  ice-phase 
seeding  has  been  developed  and  is  now  being  used  to  explore 
hurricane  soundings.  One  hundred  soundings  from  within  the 
circulation  of  hurricanes  which  were  collected  by  NHRL  are 
being  analyzed  to  determine  the  frequency  with  which  oppor- 
tunities occur  for  making  an  appreciable  modification  in  the 
dynamics  of  convection  through  ice-phase  seeding. 

WEARSCHFAC  is  continuing  to  study  the  feeder-band  seeding 
hypothesis  ("Proposed  Rainband  Seeding  Experiment  for  1965 
STORMFURY  Operations,"  NAVWEARSCHFAC  Tech.  Paper  No.  6-65), 
and  in  this  regard  plans  to  exploit  a  two-dimensional  computer 
model  developed  with  Naval  Research  Laboratory  (NRL)  support 
for  analyzing  the  effect  of  ice-phase  seeding  on  line  clouds. 
Exploration  of  the  feeder-band  hypothesis  with  this  model 
should  facilitate  decisions  as  to  prospective  applications 
prior  to  the  conduct  of  actual  physical  experiments. 

A  WEARSCHFAC  investigation  of  tropical  cyclones  passing 
over  the  cold-water  trail  of  an  earlier  typhoon  (within  1  to 
2  weeks)  indicates  that  a  definite  decrease  in  the  rate  of 
change  of  storm  intensity  occurs.   The  possibility  of  move- 
ment over  a  "cold"  underlying  sea  surface  should  be  considered 
in  any  STORMFURY  evaluations  of  hur r i cane -mod i f i ca t ion  experi- 
ments . 
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APPENDIX  D 


PRELIMINARY  ANALYSIS  OF  CLOUD  PHYSICS  DATA  COLLECTED 
IN  HURRICANE  GLADYS  (1968) 

Robert  C.  Sheets 

Environmental  Science  Services  Administration 

National  Hurricane  Research  Laboratory 

M  iam  i ,  Flor  ida 


INTRODUCTION 

The  hurricane  season  of  1968  was  somewhat  disappointing 
from  a  research  point  of  view,  because  comparatively  few 
opportunities  existed  for  investigating  the  internal  structure 
of  mature  hurricanes.   However,  some  enlightening  and  historic 
data  were  collected  in  Hurricane  Gladys  on  October  16,  1968, 
when  continuous  cl oud -par t ic le  samples  were  obtained  in  a 
hurricane  for  the  first  time.   They  were  obtained  with  an 
airborne  continuous  particle  sampler  developed  by  Meteorology 
Research,  Inc.  (fig.  D-1),  which  basically  consists  of  a  mecha- 
nism that  continuously  moves  16-m.m  Mylar  film  by  an  exposure 
slot  mounted  in  an  a ir f o i 1 -s haped  probe  extending  approximately 
3  ft  outside  the  aircraft  into  the  nearly  undisturbed  air 
(Meteorology  Research,  Inc.,  1968).   The  film  is  coated  with 
a  solution  of  Formvar  and  chloroform  just  before  exposure. 
During  this  operation,  the  film  was  being  transported  past 
the  1/8-in.  wide  exposure  slot  at  a  speed  of  approximately 
11  in. /sec,  resulting  in  an  exposure  time  of  1/88  sec.   The 
total  volume  of  air  sampled  on  1  mm2  of  the  coated  film  is 
then  approximately  1.16  cm^ . 


Three  sets  of  data  were  obtained 
rainband  at  temperatures 
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Fig- 


of  -5°C  to  -lO^C 
ure  D-2  shows  a  sample 
with  nearly  all  water 
droplets,  and  figure  D-3 
is  a  photograph  taken  of 
a  sample  collected  from 
a  cloudline  and  shows 
considerable  ice  present, 
These  data  were  the  main 
reason  for  the  research 
mission  and  will  be  dis- 
cussed in  detail  later. 


relatively  stron; 


Figure  D-1.  Continuous  cloud  particle 
sampler  system  with  viewer. 
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Figure  D-2.  Sample  of  cloud  particles  obtained  in  Hurricane 
Gladys,  1968.   Scale  in  millimeters. 
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Figure  D-3.  Sample  of  cloud  particles  obtained  in  a  cloud 
line,  1968. 
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STORM  STRUCTURE 


Hurricane  Gladys  had 
and  early  afternoon  of  Oc 
of  the  storm  was  in  an  un 
the  sampling  mission,  but 
side  of  the  center  of  the 
the  scopes  of  the  APS-20, 
systems  during  the  period 
shows  the  track  of  Hurric 
flown  by  the  DC -6  Researc 
large  hatched  area  is  the 
scope  of  the  WSR-57,  10.3 
Florida,  at  2000  GMT  on  0 
were  obtained  by  composit 
and  WP-101  radar  systems 
approximately  1%-hour  t im 
the  storm  was  being  inves 
From  a  sequence  of  radar 
appears  that  an  eye  was  ^ 
trying  to  form  in  the 
extreme  southwestern 
portion  of  the  displayed 
radar  echoes  at  2200  GMT 
on  October  16,  but  it 
was  completely  open  on 
the  south  and  southwest 
sides  (fig.  D-5) .  No 
distinct  closed  eye  was 
observed  until  0100  GMT 
on  October  17  (fig.  D-6) 
3  to  4  hours  after  the 
period  of  the  airborne 
investigation,  when  the 
eye  formed  in  the  ex- 
treme southwestern  por- 
tion of  the  radar  echo. 

The  wind  speeds 
were  generally  of  the 
order  of  40  to  50  kt  at 
flight  level  within  80 
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during  the  morning 
The  central  portion 
nging  state  during 
ocated  on  the  north 
quite  prominent  on 
1 ,  5.2 -cm ,  radar 
t  ion .   Figure  D-4 
line)  and  the  track 
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located  at  Key  West, 

The  stippled  areas 
served  on  the  APS-20 
aircraft  over  the 

central  portion  of 
inct  eye  was  observed 

at  Key  We  s  t ,  it 


igure  D-4.  Key  West  WSR-57  radar  pre- 
sentation of  Hurricane  Gladys  at  2000  GMT 
October  16,  1968  ( ha t ched areas) ,  with 
superimposed  radar  composites  (stippled 
areas)  obtained  from  the  scopes  of  the 
airborne  APS-20  and  WP-101  radar  systems 
from  2000  to  2145  GMT.   Also  shown  are 
the  tracks  of  the  storm  (bold  line)  and 
the  aircraft. 
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Figure  D-5.  Key  West  WSR-57 
radar  presentation  of 
Hurricane  Gladys  at  2200 
GMT,  October  16,  1968. 


Figure  D-6.  Key  West  WSR-57 
radar  presentation  of  Hurri 
cane  Gladys  at  0100  GMT, 
October  17,  1968. 


to  100  n  mi  of  the  storm  center.   Surface  winds  were  estimated 
to  be  60  kt  or  greater  near  the  center  of  the  storm  from  ob- 
servations of  the  state  of  the  sea,  and  nearly  continuous  rain 
with  complete  overcast  existed  from  Miami  to  the  storm  center. 
However,  just  25  to  30  n  mi  west  of  the  center  the  low-level 
clouds  were  broken  to  scattered,  with  very  few  high  clouds 
present.   This  structure  is  depicted  very  well  bv  the  radar 
presentations  from  Key 
West  and  the  ESSA-7  sat- 
ellite picture,  pass  768, 
which  was  obtained  near 
2000  GMT,  October  16 
(fig.  D-7). Nearly  all  the 
high-level  cloudiness 
associated  with  the  out- 
flow portion  of  the  storm   ^^^^^ 

is  located  east  of  the      ^^^Kf'        i^  -.il-  '>^''       *• 

low-level  circulation       ^^^■mb-  «i^tai^ 

center.   A  distinct  out- 
flow pattern  is  observed. 

After  the  Formvar 
samples  had  been  obtained, 
the  aircraft  descended 
close  to  an  altitude  of 
10,000  ft  in  search  of  an 


Figure  D-7.  ESSA-7  satellite  picture, 
pass  768,  obtained  over  Hurricane 
Gladys  at  2000  GMT,  October  16,  1968 
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operational  fix  on  the 
circulation.  As  previo 
at  this  time.  There  ap 
circulation,  but  the  ma 
indicated  by  the  time  2 
s evere turbu lence  was  en 
violent  updraft  in  whic 
then  rose  some  more.  T 
loose  objects  including 
the  top  of  the  aircraft 
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to  the  floor  of  the  air 
Structural  damage  to  th 
member  was  seriously  in 
to  avoid  all  areas  cont 
return  to  the  base  of  o 
bulence  was  encountered 
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A  composite  of  the  presentations  obtained  from  the 
vertically  oriented  3 -cm  radar  shows  echoes  extending  only 
to  altitudes  of  15,000  to  20,000  ft  along  the  flight  path  in 
the  region  of  the  major  'bump  Cfig.  D-9) .   However,  from  the 
RDR  presentation  Cfig.  D-10)  ,  the  aircraft  appears  to  be  on 
the  edge  of  a  major  echo  at  the  time  of  this  bump.   The  echo 
located  5  n  mi  to  the  left  of  the  aircraft  reached  an  altitude 
of  35  ,000  ft .   A  post- 
analysis  showed  that 
this  echo  was  probably 
the  reforming  eye- 
wall.   The  sequence  of 
radar  presentations 
collected  by  the  WSR- 
57  radar  system  (lo- 
cated at  Key  West)  does 
show  that  the  eye  did 
reform  in  this  region. 

The  traces  of  the 
total  liquid  water  con 
tent  for  this  region 
in  figure  D-11  show 
large  fluctuations 
over  short  time 


Figure  D-8.   Enlarged  central  portion  of 
figure  D-4,  showing  the  Key  West  radar 
presentation  (hatched  area) ,  the  com- 
posited airborne  radar  presentations 
(stippled  area)  and  the  track  flown  by 
the  research  aircraft. 
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in  te  rva  1  s  ,  with 


max imum 


of  greater  than  6  g/m   being  re- 


corded by  the  Levine  instruments  at  the  time  of  the  bump. 


CLOUD  PARTICLE  SAMPLES 
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first  sampling  pass  was  made  down  the 

the  flight  track  in  figure  D-8,  from  2 

1  distance  was  approximately  25  n  mi,  a 

f  continuous  cloud  particle  samples  wer 

ite  of  the  vertically  oriented  RDR  rada 

.  D-10)  for  this  sampling  pass  is  shown 

cho  region  is  that  portion  of  the  cloud 

est  radar  return,  i.e.,  the  strong  port 

in  figure  12,  the  altitude  of  the  aire 

above  20,000  ft  upon  entering  the  rain 

slowly  as  the  aircraft  picked  up  ice  du 

wn  the  band.   The  temperature  range  was 

Maximum  tops  of  the  radar  echoes  were 
t.  A  preliminary  analysis  of  the  Formv 
on  this  pass  shows  some  ice  at  the  beg 
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FLI6HT     NO.  681016-B 
44  -    RDR    RADAR    COMPOSITE 


The  second  sampling 
pass  (2022  to  2028  GMT) 
was  at  a  slight  angle 
across  the  major  rainband 
(fig.  D^8)  in  a  stronger 
portion  of  the  rainband 
than  the  first  pass.   The 
radar  echo  tops  extended 
to  an  altitude  of  nearly 
48,000  ft,  and  the  iso- 
echo  portion  of  the  pre- 
sentation extended  to 
altitudes  of  more  than 
24,000  ft  (fig.  D-13).  The 
aircraft  altitude  fluc- 
tuated between  19,000 


eoi4  201 B  tola 

TIME        (  0  MT  ) 


Figure  D-12.  Composite  of  vertically 
oriented  RDR  3-cm  radar  presenta- 
tions along  the  path  for  the  sampling 
pass,  2012  to  2019  GMT. 
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and  20,000  ft,  and  tempera- 
tures ranged  from  -5°C  to 
-6.3°C.   A  preliminary  ana- 
lysis of  the  Formvar  sam- 
ples showed  ice  to  be  al- 
most nonexistent  during 
this  pass.   Again,  the 
aircraft  picked  up  consi- 
derable ice,  indicating  the 
presence  of  large  amounts 
of  liquid  water.   The 
maximum  liquid  water  con- 
tent exceeded  1.75  g/m  , 
or  much  more  than  during 
the  f  irs  t  pas  s . 

The  aircraft  then 
climbed  to  its  maximum  al- 
titude before  making  the 
third  and  final  sampling 
pass  on  this  flight.   This 
pass  was  at  an  angle  of 


2024  2025  2026 

TIME     (GMT ) 


approximately  45   across 


Figure  D-13.  Composite  of  the  ver- 
tically oriented  RDR  3-cm  radar 
presentations  along  the  path  for 
the  second  sampling  pass,  2022  to 
2028  GMT. 
the  rainband  (fig.  D-8). 

Figure  D-14  shows  the  WP-101  radar  presentation  as  the  band  was 
entered.   The  top  of  the  scope  is  the  heading  of  the  aircraft, 
and  the  range  markers  are  at  10-n  mi  intervals.   The  echo 
in  the  center  of  the  scope  is  the  rainband  being  sampled,  and 
the  disorganized,  somewhat  broken  echoes  15  to  25  n  mi  left 
of  the  center  are  in  the 
region  where  the  severe 
turbulence  was  encountered, 
which  apparently  was  the 
reforming  north  eyewall. 

The  aircraft  altitude 

was  near  21,000  ft,  and 

temperatures  ranged  from 

-7.4°C  to  -8.4OC.   The 

radar  echoes  extended  to  a 

maximum  altitude  of 

36,000  ft,  while  maximum 

height  of  the  isoecho 

portion  of  the  presenta- 
tion was  close  to  20,000  ft 

(fig.  D-15).   Figure  D-16   Figure  D-14.  WP-101  5.2-cm  radar  pre- 
sentation at  the  time  of  the  third 
sampling  pass.  Range  markers  are  at 
intervals  of  10  n  mi,  and  the  top 
of  the  scope  is  the  heading  of  the 
aircraft  . 
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shows  the  RDR  presentation 
for  the  center  portion  of 
this  traverse  through  the 
rainband.   The  range 
markers  are  at  5 -n  mi 
intervals,  with  the  air- 
craft located  in  the  cen- 
ter of  the  scope.   The 
narrow  band  almost  free 
of  echoes  located  4  n  mi 
below  the  aircraft,  i.e., 
21,000  ft,  and  extending 
horizontally  left  and 
right  of  the  aircraft  is 
the  sea  surface.   The 
echo-free  region  from  the 
sea  surface  to  just  below 
the  aircraft  (center  of 
the  scope)  and  5  n  mi 
right  to  20  n  mi  left  is 
the  isoecho  portion  of  the 

displayed  return.   The  ver-  the  third  sampling  pass,  2033  to 
tically  oriented  radar  com"'  2038  GMT. 

posites  (figs.  D-9 , D-12 , D-13 , 

and  D-15)  were  made  from  similar  presentations  obtained  at 
16-sec  intervals.   A  preliminary  analysis  of  the  Formval  samples 
again  indicates  that  virtually  all  the  cloud  particle  samples 
were  water  droplets;   relatively  little   ice   was   observed. 
The  liquid  water  content  for  this  pass  averaged  between  .75  to 
1  g/m3 . 


FLIGHT    NO.  6ei016-B 
RDR    RADAR  COMPOSITE 

1 1          1          1         1 

- 

'^/./.' 

//'i'^ 

^    \ — ., ., -,     -^    ^,    ^^    ^,    ^  T    /    /     / 

'a/C    ALTITUOe 

i,. 

20S3 


2038 


35  2036  2057 

TIME      (GMT) 

Figure  D-15.  Composite  of  the  verti- 
cally oriented  RDR  3 -cm  radar  pre- 
sentations along  the  flight  path  for 


SUMMARY  AND  CONCLUSIONS 

The  cloud  particle 
samples  collected  during 
the  flight  into  Hurricane 
Gladys,  October  16,  1968, 
basically  confirm  what 
has  been  believed  for 
some  time:   large  amounts 
of  liquid  water  are  pre- 
sent above  the  freezing 
level  in  hurricane  rain- 
bands.   This  is  not  sur- 
prising, but  the  fact 


Figure  D-16.  RDR  vertically  oriented 
radar  presentation  for  203433  GMT, 
October  16,  1968.   Range  markers 
are  5  n  mi  apart  . 
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that   little   ice   was  found  on  two  of  the  passes  and  on  a 
major  portion  of  the  third  pass  is  quite  interesting,  especially 
since  other  investigators  using  similar  instruments  have 
found  large  amounts  of  ice  present  at  these  temperatures  in 
tropical  cumulus  clouds  (Ruskin,  1967). 


It  is  bel ieved 
dominance  of  ice  ove 
sampling  was  done  mo 
in  the  more  active  p 
water  droplets  would 
However,  so  far  as  t 
was  still  present  in 
-50c  or  colder.  If 
areas  in  which  nearl 
liquid,  it  would  not 
area  sampled  was  app 
it  showed  ice  to  be 
has  significant  impl 
the  storm  through  ar 
above  the  freezing  1 
course,  to  draw  stro 
obtained  in  a  single 
rainband  over  a  peri 
independent  of  each 
should  be  used  in  ap 
general.  Because  th 
cloud  particles)  mal 
water  content,  perce 
droplet  spectra  cann 
of  these  quantities 


that  at  lea 
r  water  in 
s  t ly  in  the 
ort  ion  of  t 

probably  h 
he  author  i 

all  s  amp le 
the  Formvar 
y  all  the  c 

have  been 
rox  imat e ly 
a Imos  t  none 
ications  for 
tificial  se 
evel .  Thes 
ng  conclus  i 

hur r  icane 
od  of  2  5  mi 
other.  The 
plying  thes 
e  foil  samp 
f unc t  ioned  , 
ntage  of  ic 
ot  be  obtai 
probably  ca 


s  t  par  toft 
some  of  thes 

qu  ies  cent  p 
he  c 1 oud  ,  mo 
ave  been  pre 
s  awa  re ,  con 
s  obtained  a 

samples  had 
loud  part  ic 1 
surpr  is  ing  . 
50  n  mi  long 
X  is  tent  ,  it 

cons  ider  ing 
eding  of  the 
e  data  are  n 
ons  from ,  s  i 
and  ess  en  t  ia 
n ,  and  are  c 
ref ore  ,  cons 
e  findings  t 
ler  (for  mea 

an  exact  me 
e  versus  wat 
ned ,  but  r ou 
n  and  will  b 


he  reason  for 
e  cumu 1 i  is 
or  t  ion  of  the 
re  and  larger 
sent  (Todd,  1 
aider able  ice 
t  temperature 

shown  a  few 
es  s  amp  led  ha 
However ,  s  in 
and  near ly  3 
is  surpr  is  ing 
mod  if  i  cat  ion 
water  d  rop le 
ot  suf f  ic  ient 
nee  they  were 
lly  in  the  sa 
er ta  in ly  not 
iderable  caut 
o  hurricanes 
suring  the  la 
asure  of  the 
er ,  and  c  loud 
gh  approximat 
e  a 1 1 emp t ed  . 


the 
that 

c  loud  ; 

liquid 
965)  . 

s  of 
sma  1 1 
d  been 
ce  the 
/^■    of 

and 

of 
ts 
,  of 

me 

ion 
in 
rge 
total 

ions 


The  next  logical  step  seems  to  be  to  obtain  similar 
samples  horizontally  and  vertically  in  other  hurricanes  to 
see  if  a  great  dominance  of  water  over  ice  generally  exists 
in  hurricane  rainbands  or  if  it  just  exists  at  selected  levels 
and  locations  within  the  storm.   The  value  of  the  Formvar 
instrument  is  readily  apparent  in  a  modification  experiment 
to  sample  a  cloud,  rainband,  or  eyewall  before  and  after  an 
artificial  seeding  agent  is  introduced. 
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APPENDIX  E 


COMPUTATIONS  OF  THE  SEEDABILITY  OF  CLOUDS 
IN  A  HURRICANE  ENVIRONMENT 

Robert  C .  Sheets 
Environmental  Science  Services  Administration 
National  Hurricane  Research  Laboratory- 
Miami,  Florida 


INTRODUCTION 

A  study  was  recently  completed  by  the  author  that  attemp- 
ted to  determine  some  mean  conditions  present  in  hurricanes 
(Sheets,  1969).   It  was  based  on  radiosonde  data  collected 
within  100  n  mi  of  hurricane  centers  during  the  past  few 
years.   The  data  were  stratified  by  the  surface  pressure  of 
the  observations,  resulting  in  more  than  one  mean  sounding. 
The  surface  pressure  categories  used  were  less  than  995  mb , 
995  to  999  mb ,  1000  to  1004  mb ,  1005  to  1009  mb ,  and  1010  to 
1015  mb .   These  soundings,  which  could  be  inferred  to  repre- 
sent the  mean  conditions  of  different  intensities  of  hurricanes 
or  at  various  radial  distances  from  the  center  of  a  hurricane, 
were  used  in  a  cumulus  cloud  model  to  determine  the  possible 
effects  of  seeding  clouds  contained  in  these  environments. 


CLOUD  MODEL 

The  cloud  model  used  was  developed  by  Dr.  Joanne  Simpson 
et  al.  (1967),  who  describe  the  model  basically  as  follows: 

The  model  calculations  consist  of  integrating 
the  vertical  equation  of  motion  for  the  rising  cloud 
tower.   The  vertical  acceleration  of  its  center  is 
expressed  as  the  difference  between  buoyancy  and 
drag  forces.   The  formulation  of  the  forces  depends 
on  two  major  physical  postulates,  namely  1)  that  the 
cloud  tower  behaves  as  a  rising  plume  with  a  ver- 
tically circulating  cap  or  like  an  entraining  jet, 
and  2)  it  entrains  environment  air  at  a  rate  inver- 
sely proportional  to  its  horizontal  dimension. 

The  heart  of  the  seeding  subroutine  is  the 
release  of  latent  heat  resulting  from  freezing  of 
the  cloud's  liquid  water  content. 
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The  seeding  subroutine  used  in  this  study  releases  the 
latent  heat  linearly  with  height  between  the  two  levels  at 
which  the  cloud  has  temperatures  of  -5<^C  and  -15°C.   It  also 
releases  in  the  same  interval  the  latent  heat  added  by  the 
change  from  water  saturation  to  ice  saturation.   At  tempera- 
tures lower  than  -IS^C,  ice  saturation  is  maintained  in 
seeded  clouds.   The  temperature  range  of  -S^C  to  -15^0  results 
in  lower  buoyancies,  especially  in  the  middle  levels,  than 
the  -4°C  to  -S^C  range  used  by  Simpson  et  al.  (1967)  in  their 
1965  experiments.   The  inputs  into  the  model  are  the  tempera- 
ture interval  over  which  the  latent  heat,  etc., are  to  be 
released,  the  environmental  sounding,  the  cloud  base,  and  the 
c loud  rad  ius  . 

The  model  has  been  refined  at  various  times ,  and  the 
version  used  in  this  study  is  described  in  a  paper  by 
Simpson  and  Wiggert  (1969).   Details  are  also  contained  in 
other  papers  (Simpson  et  al,,  1965,  1967). 


COMPUTATIONAL  RESULTS 

Various  cloud  bases  and  radii  were  used  with  the  mean 
hurricane  soundings,  because  the  exact  values  within  the 
hurricane  vary  and  are  not  precisely  known;  a  summary  of  the 
results  is  given  in  table  E-1.   The  range  presented  is  believed 
to  effectively  span  the  probable  cloud  sizes  present  in  the 
hurricane.   The  1000-mb  temperature  of  some  of  the  soundings 
was  increased  by  a  small  amount  to  make  the  soundings  more 
realistic  at  the  lowest  levels.   This  correction  was  applied 
because  the  data  used  in  the  compilation  of  the  mean  soundings 
were  obtained  at  land-based  stations,  with  a  significant 
number  of  these  soundings  obtained  at  night.   The  correction 
applied  to  each  sounding  and  the  final  temperature  used  (in 
*^C )  are  listed  in  column  T       in  table  E-1.   These  values  are 
certainly  conservative  when  compared  with  the  sea  surface 
temperatures  in  the  vicinity  of  a  hurricane. 

The  cloud  base  was  arbitrarily  chosen  to  decrease  inward 
toward  the  storm  center  (lower  surface  pressures)  in  order  to 
simulate  conditions  that  exist  in  hurricanes.   Various  com- 
binations of  cloud  bases  and  cloud  radii  were  used  with  each 
surface  pressure  category.   Table  E-1  lists  results  for  the 
natural  cloud,  the  cloud  generated  by  the  model  from  the 
sounding  and  the  cloud  base  and  radius  without  any  seeding, 
and  the  seeded  cloud,  the  change  that  results  in  the  natural 
cloud  by  the  release  of  latent  heat  as  described  earlier. 
The  quantity  Tb ,  which  is  the  difference  between  the  virtual 
temperatures  of  the  cloud  and  the  environment,  essentially 
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gives  a  measure  of  the  buoyancy.   In  all  cases  shown,  the 
buoyancy  increased  with  the  introduction  of  the  seeding  mate- 
rial, and  in  all  but  one  or  two  the  maximum  vertical  velocity 
and  the  height  of  the  cloud  increased  as  a  result  of  the  seeding 
routine.   In  some  cases,  the  final  cloud  top  after  seeding 
reaches  considerably  above  the  tropopause.   The  basic  reason 
is  that  the  final  cloud  top  is  listed  in  the  cloud  program  as 
the  height  where  the  vertical  velocity  equals  zero  plus  the 
sum  of  the  cloud -base  and  cloud-radius  values,  but  the  increase 
in  the  cloud  height  due  to  seeding  (aH)  remains  the  same. 

If  we  compare  values  of  the  measure  of  the  buoyancy  (Tg ) 
for  the  various  surface  pressure  categories  for  constant  cloud 
radii  and  bases,  we  see  that  these  values  generally  decrease 
as  the  surface  pressure  of  the  sounding  decreases.   That  is, 
in  general,  the  thermodynamics  are  such  that,  as  the  storm 
becomes  weaker  or  the  sounding  is  obtained  at  a  greater  distance 
from  the  storm  center,   the  difference  between  the  virtual 
temperature  in  the  cloud  and  the  virtual  temperature  in  the 
environment  (the  sounding)  becomes  larger.   This  correlates 
very  well  with  the  calculations  of  the  available  instability 
energy  made  for  these  mean  hurricane  soundings,  in  which  the 
amount  of  available  instability  energy  generally  decreased  as 
the  surface  pressure  became  lower  (Sheets,  1969).   In  other 
words,  as  the  surface  pressure  of  the  sounding  decreases,  the 
vertical  temperature  distribution  approaches  a  moist  adiabatic 
lapse  rate,  a  fact  further  illustrated  in  these  cal cu  lat ions> 
since  the  values  of  the  arbitrary  cloud  bases  and  radii  were 
found  to  be  not  nearly  as  critical  for  the  soundings  with  the 
high  surface  pressures  as  for  those  with  low  surface  pressures. 


These  results  have  significan 
possible  modification  of  a  hurrica 
convective  clouds.   They  indicate 
seeding  program  is  to  make  the  clo 
be  obtained  almost  anywhere  within 
the  cloud  bases  are  low  enough  and 
However,  the  soundings  become  more 
the  surface  pressures  of  the  mean 
fore,  seeding  a  convective  area  so 
center  would  appear  to  have  a  high 
cloud  grow,  which,  of  course,  does 
the  resulting  modification  of  the 
with  this  type  of  seeding.   Other 
s  idered . 


t  implications  for  the 
ne  by  artificial  seeding  of 
that,  if  the  object  of  a 
ud  grow,  good  results  can 
the  hurricane  as  long  as 
the  cloud  radii  large  enough 
conditionally  unstable  as 
soundings  increase.   There- 
ma  distance  from  the  storm 
er  probability  of  making  the 

not  necessarily  mean  that 
storm  would  be  the  largest 
factors  must  also  be  con- 
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APPENDIX  F 


FEASIBILITY  OF  PROJECT  STORMFURY  OPERATIONS 
IN  THE  PACIFIC  OCEAN 

William  D.  Mallinger 
Environmental  Science  Services  Administration 
National  Hurricane  Research  Laboratory 
M  iami ,  Flor  ida 


INTRODUCTION 

It  has  often  been  proposed  that  the  hurricane  modifica 
tion  project  conduct  its  field  experiments  in  the  Pacific 
Ocean,  where  so  many  more  tropical  cyclones  occur.   In  this 
study  of  the  feasibility  of  such  proposals,  two  separate 
areas  are  considered:   the  hurricane  area  of  the  Eastern 
Pacific  and  the  typhoon  area  of  the  Western  Pacific. 


EASTERN  PACIFIC 

A  sharp  increase  in  the  number  of  tropical  cyclones  and 
hurricanes  in  the  Eastern  Pacific  has  been  reported  in  recent 
years.   Since  the  observational  network  in  this  area  is  so 
sparse  and  the  reported  increase  occurred  since  the  utili- 
zation of  weather  satellites  has  become  common,  it  is  assumed 
that  many  storms  were  neither  detected  nor  reported  in  earlier 
years  . 

Table  F-1  lists  the  occurrence  of  tropical  cyclones  in 
the  Eastern  Pacific  for  the  past  20  years.   Although  the  annual 
average  number  of  occurrences  is  10.2  for  this  20-year  period, 
the  real  average,  although  unknown,  is  probably  higher  for 
the  reasons  stated  previously. 

The  following  assumptions  were  made  in  order  to  estimate 
the  feasibility  of  operations  in  the  Eastern  Pacific  area: 

1.  The  STORMFURY  aircraft  would  be  those  currently  in 
use,  or  similar  types. 

2.  The  maximum  effective  range  of  operations  from  base 
would  be  near  550  mi. 
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3.  Operations  would  have  to  be  conducted  from  Acapulco, 
Mexico,  because  alternate  suitable  airfields  are  not  available 

4.  Rules  for  seeding  eligibility  would  be  similar  to 
those  used  in  the  Atlantic  STORMFURY  experiments. 

5.  Forces  (manpower  and  aircraft)  would  be  available 
and  permitted  to  operate  from  Mexico. 

6.  Logistics  problems  could  be  overcome. 


Table 

F-1. 

Trop 

ical 

Cyclones  in 

the 

Eastern 

Pacific . 

Ni 

Limber 

Each 

Month 

Total 

Year 

May 

June 

July 

Aug. 

Sept  . 

Oct  . 

Nov  . 

No/yr 

Hur r  icanes 

1968 

0 

2 

6 

8 

3 

5 

0 

24 

6 

1967 

1 

3 

5 

3 

4 

4 

0 

20 

6 

1966 

0 

1 

0 

4 

6 

2 

0 

13 

6 

1965 

0 

4 

0 

3 

3 

0 

0 

10 

1 

1964 

0 

0 

3 

2 

1 

0 

0 

6 

1 

1963 

0 

1 

2 

0 

4 

1 

0 

8 

4 

1962 

0 

1 

1 

2 

3 

1 

0 

8 

2 

1961 

0 

1 

4 

1 

1 

2 

2 

11 

2 

1960 

0 

2 

1 

2 

1 

2 

0 

8 

6 

1959 

0 

2 

3 

4 

2 

2 

0 

13 

4 

1958 

0 

2 

3 

3 

3 

2 

0 

13 

5 

1957 

0 

0 

1 

2 

4 

3 

1 

11 

9 

1956 

2 

2 

2 

1 

3 

1 

0 

11 

5 

1955 

0 

2 

1 

0 

1 

2 

0 

6 

2 

1954 

0 

1 

3 

0 

4 

2 

0 

10 

4 

1953 

0 

0 

0 

1 

2 

1 

0 

4 

3 

1952 

1 

1 

2 

0 

2 

1 

0 

7 

3 

1951 

1 

2 

1 

2 

2 

0 

1 

9 

2 

1950 

0 

1 

2 

2 

0 

1 

0 

6 

5 

1949 

0 

2 

0 

0 

4 

0 

0 

6 

2 

Total   5     30    40    40     53     32     4     204        79 
Ave.    .25   1.5   2.0   2.0    2.65   1.6   0.2     10.2      3.95 


Although,  as  pointed  out  above,  rough  data  are  available 
for  the  past  20  years,  only  the  years  1965  through  1968  were 
examined  in  detail,  because  of  the  satellite  coverage  during 
this  per  iod . 
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In  1965,  only  one  hurricane  occurred, 
range  of  Project  aircraft. 


It  was  beyond  the 


In  1966,  with  seven  hurricanes,  none  was  suitable  for 
STORMFURY  operations.   Most  were  too  far  from  the  base  when 
they  became  hurricanes;  one  was  too  close  to  Mexico. 

In  1967,  with  six  hurricanes,  only  one  was  within  the 
range  of  the  aircraft.   This  hurricane  varied  in  intensity 
between  60  and  70  kt  while  in  the  area  and  would  be  con- 
sidered marginal  for  experimentation. 

In  1968,  with  six  hurricanes,  again  only  one  was  within 
range  of  the  Project  aircraft.   This  hurricane  would  have 
had  to  be  seeded  near  maximum  allowable  distance  from  base. 
It  was  rapidly  decreasing  in  intensity  at  the  time,  which 
made  it  an  undesirable  target. 

Therefore,  it  appears  that  the  Eastern  Pacific  offers 

relatively  few  desirable  Project  STORMFURY  targets.  A 

random  check  on  data  for  earlier  years  confirms  the  lack 

of  truly  eligible  storms  for  the  type  of  experiment  currently 
env i s  i oned . 

Even  if  these  storms  were  closer  to  the  ideal  for  ex- 
perimentation, modification  attempts  would  require  military 
aircraft  from  the  Atlantic  reconnaissance  squadrons.   To 
use  these  limited  resources  would  drastically  reduce  aircraft 
reconnaissance  capability  in  the  Atlantic  during  its  hurricane 
season.   Other  problems  are  those  of  communications,  inter- 
national agreements  required,  and  lack  of  forecasting  experience 
in  selecting  storms  that  would  be  eligible  for  seeding  under 
cu r ren t  ru le s  . 

Unless  separate  resources  can  be  made  available  for  these 
field  experiments,  they  must  be  conducted  in  areas  where  some 
resources  and  capabilities  already  exist.   This  limits  opera- 
tions to  the  Atlantic  Ocean,  Gulf  of  Mexico,  Caribbean  Sea, 
or  the  Western  Pacific  Ocean. 


WESTERN  PACIFIC 

In  the  Western  Pacific,  the  typhoons  appear  to  be  much 
more  desirable  experimental  modification  targets.   If  and 
when  the  Vietnam  war  ends,  the  Navy  Reconnaissance  Squadron 
(VW-1)  based  at  Guam,  would  perhaps  be  available  for  the 
Project.   Although  training  and  indoctrination  of  the  crews 
would  be  required,  the  aircraft  are  very  similar  to  those  now 
used  in  the  Atlantic  (VW-i;). 
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The  study  of  typhoons  passing  within  range  of  Pacific 
bases  was  governed  by  the  following  guidelines: 


base 


The  typhoon  must  be  within  600  mi  of  the  operating 


2.   Maximum  winds  should  be  at  least  65  kt 


3.  The  typhoon  must  be  within  range  for  a  minimum  of 
12  daylight  hours, 

4.  The  predicted  movement  of  the  typhoon  must  indicate 
that  it  will  not  be  within  50  mi  of  a  land  mass  within  24  hours 
after  seed  ing . 

A  primary  base  at  Guam,  with  Okinawa  as  a  secondary  base, 
quickly  appeared  to  give  the  best  combination  (see  table  F-2) . 
Most  of  the  eligible  storms  that  could  be  reached  by  staging 
f J^oJ"  the  Philippines  would  be  more  accessible  staging  from 
Okinawa . 


Table  F-2. 


Number  of  Typhoons  Meeting  Criteria-Staging 
Operations  from  Guam  Okinawa 


Guam/Ok  inawa 

Year 

June 

Ju  1  V 

Aug. 

Sept  . 

Oct  . 

Nov  . 

Dec  . 

Total 

1961 

0/0 

0/0 

0/3 

2/2 

2/2 

1/0 

0/0 

5/7 

1962 

0/0 

0/0 

1/2 

1/1 

1/2 

1/0 

0/0 

4/5 

1963 

0/2 

1/1 

0/1 

0/2 

2/2 

0/0 

1/0 

4/8 

1964 

0/0 

2/1 

0/0 

2/0 

0/1 

0/0 

1/0 

5/2 

1965 

1/0 

2/1 

1/2 

1/2 

1/0 

1/0 

0/0 

7/5 

1966 

0/1 

0/0 

0/0 

3/2 

0/0 

0/0 

0/0 

3/3 

1967 

0/0 

0/2 

0/0 

0/0 

2/0 

3/1 

0/0 

5/3 
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From  1961  through  1967,  with  August,  September,  and 
October  being  the  key  months,  19  typhoons  would  have  been 
eligible  for  experiments  conducted  from  Guam,  and  24  from 
Okinawa.   This  gives  an  average  of  2.7  per  year  for  Guam- 
based  operations  and  3.4  per  year  for  Okinawa. 

Because  the  43  eligible  typhoons  include  six  that  passed 
within  range  of  both  bases,  the  average  number  of  individual 
eligible  typhoons  per  3-month  period  is  near  five.   The 
many  tropical  storms  during  these  months  would  provide  plen- 
tiful opportunities  for  additional  rainband  experiments  and 
research  missions. 

With  a  change  in  seeder  aircraft,  the  number  of 
opportunities  would  increase  slightly.   The  current  maximum 
range  of  the  Project  aircraft  is  limited  because  of  the  en- 
durance of  the  jet  seeders  and  the  B-57. 

Table  F-3  from  the  Project  STORMFURY  Annual  Report 
lists  the  number  of  hurricanes  eligible  for  seeding  in 
the  Atlantic,  Gulf  of  Mexico,  and  Caribbean  Sea  during 
the  past  15  years. 


Table  F'-3. 


Annual  Frequency  of  Hurricanes  Eligible  for  Seeding 
Under  Forecasting  Techniques  Criteria  Approved  for 
1967  STORMFURY  Operations  (Listed  by  Area) . 


Year 

Atlantic 

Gu 

If  of 
ax  ico 

Car  ibb  ean 
Sea 

Total 

1954 

1 

0 

1 

2 

1955 

4 

0 

1 

5 

1956 

1 

0 

0 

1 

1957 

1 

0 

0 

1 

1958 

5 

0 

0 

5 

1959 

2 

0 

0 

2 

1960 

1 

0 

1 

2 

1961 

2 

1 

0 

3 

1962 

2 

0 

0 

2 

1963 

3 

0 

0 

3 

1964 

3 

0 

0 

3 

1965 

2 

0 

0 

2 

1966 

1 

0 

0 

1 

1967 

0 

0 

0 

0 

1968 

0 

0 

0 

0 

Total 


28 


32 
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During  thes 

per  year  were  el 

Wes  tern  Pacific 

opportun  it  ies  in 

duct  ing  mod  if  ica 

def  in  ite  mer  it  . 

national  and  int 

than  twice  as  ma 

p 1  is  hed  per  seas 

sufficient  oppor 

retes  t  the  ef  f ec 

e  15  years,  an  average  of  about  two  hurricanes 
igible.   The  average  of  five  per  year  in  the 
being  two -and -one -half  times  that  of  the 

the  Atlantic  regions  indicates  that  con- 
t ion  experiments  in  the  Western  Pacific  has 

If  the  problems  of  funding,  manpower,  and 
ernational  agreements  can  be  solved,  more 
ny  modification  experiments  could  be  accom- 
on.   This  could  save  years  of  waiting  for 
tunities  to  test,  evaluate,  redesign,  and ■ 
tiveness  of  these  experiments. 
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ABSTRACT 

Some  "nicaii  hurriciine  soiitidinKs"  liave  liecn  computed  from  ^2  radiosonde  observations  collected  within 
100  n  mi  of  the  centers  of  hurricanes.  Fli);h  correlations  between  various  parameters  and  the  sea-level  pres- 
sures of  the  observations  arc  shown.  The  data  have  been  stratified  by  sea-level  pressure,  K'ving  more  than 
one  mean  hurricane  sounding.  Diurnal  variations  were  investigated  and  temperature  differences  that  are 
statistically  significant  were  found  to  e.xist  in  the  middle  and  upper  troposphere.  In  addition,  potential 
buoyancies  and  available  instability  energies  were  computed  for  some  of  the  mean  soundings.  Potential  and 
equivalent  potential  temperatures  were  found  to  increase,  while  the  net  available  instability  energy  de- 
creased, and  the  tro[)opause  became  higher  and  colder  as  the  sea-level  pressures  of  the  observations  de- 
creased. The  mean  soundings  are  shown  to  be  conditionally  unstable  in  the  lower  levels  and  very  stable  in 
the  upper  tropos])here. 


1.  Introduction 

S(hac'hl  (iy4())  ustd  the  liiniu-d  nuinbcr  of  soiuulings 
iu-ail;iblf  in  1946  to  obtain  a  ntcan  hurricane  sounding 
for  the  Caribbean  area.  His  .soundings  were  all  from 
within  200  n  mi  of  a  hurricane  center  but  onh  nine 
observations  were  located  within  100  n  mi  of  the  center. 
Jordan  (1Q58)  states  that  Schacht  must  have  had  ver}- 
few  reports  available  that  reached  the  lOO-mb  level 
since  even  in  the  years  1<M6  1948  less  than  25%  of  the 
months  had  as  many  as  five  out  of  a  possible  60 
soundings  reaching  the  100-mb  level  under  ordinarv 
( onditions. 

Jordan  and  Jordan  (195,^)  lomputed  some  mean 
iuirricane  soundings  in  1954.  Their  data  consisted  of 
approximatelv  J(H)  .soundings  obtained  within  6°  of 
latitude  of  the  centers  of  mature  hurricanes  in  the 
.\tlantic-Caribbean-C;ulf  of  Me.xico  aix.a  during  the 
years  1946  1952.  However,  the  total  number  located 
within  120  n  mi  of  the  centers  of  mature  hurricanes  was 
onl\-  27,  and  of  these  only  10  reached  the  100  nib  level. 
In  computing  these  mean  soundings,  they  stratified  the 
data  b\  radial  distance  from  the  storm  centers.  'I'his 
proiedure  was  probabl\  of  little  consequence,  since 
their  computations  were  generally  confined  to  regions 
outside  the  high-energy  portions  of  the  storms.  How- 
ever, a  similar  stratification  in  the  study  iiresented  here 
resulted  in  numerous  proijieins,  which  will  be  dis- 
cussed later. 

Schacht 's  (1946)  mean  soundings  show  relatively 
large  diurnal  variations  of  the  order  of  2  ,K'  in  the 
levels  from  400  mb  to  the  upper  limits  of  his  soundings. 
He  states  that  radiation  errors  in  the  noontime  radio- 
sondes were  suspected,  but,  probably  because  of  the 
small  sample  size,  he  concluded  that  the  noon  and  mid- 


night soundings  were  in  good  agreement.  Since  the 
diurnal  variations  in  Schachl's  mean  soundings  were 
rather  large,  the)  should  be  either  verified  or  rejected 
through  analysis  of  more  plentiful  and  reliable  data. 
The  instrumentation  used  at  the  time  of  these  two 
earlier  studies  was  considerably  less  reliable  than  that 
used  in  the  period  of  this  stud\'. 

The  above  reasons  prompted  a  more  detailed  study  of 
the  mean  conditions  present  in  hurricanes,  based  on 
radiosonde  data  obtained  over  the  past  few  years. 
.\ppro.\imately  100  soundings  were  obtained  within 
100  n  mi  of  the  centers  of  hurricanes  for  the  period 
1956-1967,  inclusive.  The\  were  made  in  the  regions  of 
the  Gulf  of  Mexico,  the  Caribbean  Sea,  and  the  North 
Atlantic  Ocean  at  latitudes  south  of  .^5X.  \l[  c;uses  that 
had  e.xtratropical  (  haracteristics  were  excluded  from  the 
sample.  .Mso,  no  soundings  that  were  in  the  e\e  or  eye- 
wall  portions  of  the  storm  were  included  in  the  sample, 
since  no  eycwall  soundings  were  available.  One  e\e- 
sounding  is  presented  for  comparison  purposes.  \'arious 
(|uantities  computed  from  the  data  are  discussed  below. 

In  processing  the  data  for  the  mean  hurricane  sound- 
ing, it  became  obvious  that  the  values  obtained  were 
generally  a  function  of  the  sea  lex'el  pressure  (SLP)  of 
the  soundings.  The  cjuestion  then  arose  of  what  is  meant 
b\  a  mean  hurricane  sounding.  For  the  purposes  of  this 
paper,  the  mean  hurricane  sounding  w;is  computed  from 
92  soundings  obtained  within  100  n  mi  of  a  hurricane 
center.  Other  mean  soundings  computed  from  these 
data,  stratified  by  the  SLI'  of  the  observations,  are  also 
presented.  Of  course,  this  stratification  reduces  the 
sample  size,  and  the  usual  problems  which  arise  from 
small  samples  are  present.  These  problems,  however,  do 
not  appear  to  be  signihcani  enough  to  materially  atTecl 
the  results. 
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it  is  diftkult  to  obtain  an  accurate  vertical  sounding 
of  the  atmosphere  in  the  strong  winds  near  or  within  a 
hurricane,  and  it  is  obviously  easier  to  do  so  in  the 
vicinity  of  weaker  storms  than  near  intense  storms. 
Some  bias,  therefore,  is  probably  present  in  the  data, 
but  enough  soundings  were  obtained  in  the  vicinity  of 
storms  of  hurricane  strength  to  warrant  some  meaning- 
ful and  useful  computations.  These  include  the  mean 
values  of  temperature,  moisture,  and  heights  of  pressure 
surfaces,  mean  tropopause  data,  equivalent  potential 
temperatures,  potential  temperatures,  and  correlations 
between  the  various  parameters.  Also,  computations  of 
stabihty  and  the  amount  of  instability  energy  available 
for  release  by  parcel  ascent  may  be  of  interest,  especially 
for  possible  application  to  storm  modification  h\ - 
potheses.  Most  of  these  computations  were  made  and 
are  included  in  this  paper.  Some  caution  must  be 
exercised  in  interpreting  results  obtained  from  the  sur- 
face temperatures,  however,  since  these  observations 
were  taken  at  land-based  stations.  If  they  had  been 
obtained  over  the  warm  waters  (^26C)  generally  as- 
sociated with  hurricanes,  the  surface  temperatures 
could  have  been  from  1-2C  warmer  than  are  shown  for 
the  mean  soundings. 

2.  Processing  of  the  data 

Several  techniques  for  stratifying  the  data  were 
investigated:  grouping  the  data  by  quadrants,  distance 
from  the  storm  center,  surface  pressure  of  the  observa- 
tion, and  combinations  of  the  above.  The  problems  that 
arose  as  a  result  of  stratification  of  the  data  by  radial 
distance  were  numerous.  These  included  the  uncertaint}- 
of  knowing  exactly  where  the  observation  was  made  in 
relation  to  the  storm  center,  and  the  size,  intensity,  and 
areal  extent  of  the  high  energy  portion  of  the  storm. 
Because  of  these  uncertainties,  this  method  of  stratifi- 
cation was  rejected.  The  other  methods  mentioned 
above  were  tried  and  are  discussed  later. 

Each  individual  sounding  was  plotted,  and  values  of 
the  various  parameters  were  either  computed  or  re- 
corded for  the  standard  reporting  levels  as  well  as  for 
the  950-,  900-  and  600-mb  levels.  The  mean  soundings 
were  then  computed  from  these  data.  The  relative 
humidity  values  were  obtained  up  through  the  250-mb 
level  and  were  computed  in  two  different  ways.  When 
''motor-boating"  occurred,  threshold  values  were  in- 
serted for  the  first  computation,  and,  in  the  second 
computation,  the  "motor-boating"  values  were  replaced 
b\-  an  arbitrary  value  of  5%.  Since  most  of  the  sound- 
ings included  moisture  values  through  the  250-mb  level, 
the  difference  in  the  two  mean  values  ranged  from  2-5% 
at  the  upper  levels.  Considering  the  accurac)-  of  the 
humidity  measurements,  these  differences  seem  negli- 
gible. Therefore,  the  values  presented  in  this  paper  were 
obtained  by  using  threshold  values  for  "motor-boating" 
conditions.  Since  the  tropopause  was  usually  well  de- 
fined, and  the  discontinuity  in  the  temperature  curve 


- 10    -eo     -TD      -eo     -50     -40     -30     -20 

TEMPERATURE    CO 


to        »        10       *0 


Fig.  1.  A  mean  hurricane  sounding  computed  from  92  radio- 
sonde flights  detained  with  100  n  mi  of  hurricane  centers. 
(Shaded  area  represents  available  instability  energy.) 

was  ver)-  sharp,  the  recorded  tropopause  data  were  used, 
rather  than  values  read  oft",  say,  at  every  10  mb  in  the 
vicinity  of  the  tropopause.  This  resulted  in  emphasizing 
the  sharpness  of  the  "bend"  in  the  temperature  curve  at 
the  tropopause,  but  is  probably  more  realistic  than  the 
rounded  curve  obtained  by  the  other  method.  Also,  this 
method  helped  in  bringing  out  features  of  the  tropo- 
pause to  be  discussed  later. 

It  was  observed  earl>-  in  the  study  that  many  of  the 
parameters  were  highly  correlated  with  the  SLP  of  the 
observation.  For  this  reason,  correlation  coefficients 
were  computed  for  most  of  the  parameters  with  respect 
to  the  sea  level  pressure.  Also  included  were  computa- 
tions of  the  means,  variances  and  standard  deviations  of 
the  various  parameters  at  each  level. 

3.  A  mean  hurricane  sounding 

All  the  data  collected  from  the  selected  soundings 
were  processed  by  the  methods  mentioned  above  and 
are  listed  and  illustrated  in  Table  1  and  Fig.  1,  respec- 
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tively.  Fig.  1  shows  a  temperature  lapse  rate  slightly 
greater  than  moist  adiabatic  from  the  surface  to  600  mb. 
It  then  becomes  slightly  less  than  moist  adiabatic 
through  the  300-mb  level,  with  stability  increasing  with 
height.  The  dewpoint  curve  shows  a  generally  steady 
decrease  with  height.  Fig.  1  also  contains  Jordan's 
(1958)  mean  September  tropical  sounding.  From  the 
surface  through  the  800-mb  level,  temperatures  were 
warmer  for  Jordan's  sounding  than  for  the  mean  hurri- 
cane sounding.  Above  this  level  to  near  the  tropopause, 
however,  the  mean  hurricane  sounding  is  up  to  3C 
warmer  than  the  mean  tropical  sounding.  Between  the 
100-mb  level  and  80-mb  level  the  soundings  have  about 
equal  temperatures,  while  the  mean  hurricane  sounding 
is  colder  at  higher  levels.  The  mean  tropical  sounding, 
of  course,  was  considerably  less  moist  than  the  hurricane 
sounding,  especiail}-  in  the  middle  and  upper  levels. 
Both  soundings  are  convectiveh'  stable  from  approxi- 
mately the  600-mb  level  to  the  300-mb  level  and  then 
become  very  stable  in  the  upper  troposphere.  In  both 
cases  there  is  a  net  available  instabilit}-  energy,  with 
the  mean  tropical  sounding  showing  a  much  larger 
degree  of  convective  instability  than  the  hurricane 
sounding.  The  instability  aspect  will  be  discussed  in 
greater  detail  later. 

Some  interesting  observations  can  be  made  from  the 
data  listed  in  Table  1.  For  instance,  the  correlation 
coefficients  of  the  various  parameters  with  SLP  for  the 
respective  observations  are  quite  revealing.  In  the  case 
of  temperature,  a  positive  correlation  e.xists  in  the 
lowest  levels,  i.e.,  as  SLP  decreased  so  did  the  tem- 
peratures. Since  most  of  the  observations  were  taken 
from  landbased  stations,  this  is  probably  a  result  of  the 
increased  cloud  cover  and  precipitation  associated  with 
hurricanes.  The  correlation  becomes  negative  and  in- 
creases in  magnitude  with  increasing  heights,  being 
relatively  large  between  the  500-mb  and  200-mb  levels, 
as  a  result  of  the  release  of  latent  heat  from  the  increased 
convective  activity  associated  with  hurricanes.  Another 
interesting  correlation  relates  to  the  tropopause,  which 
in  general  becomes  higher  and  colder  with  decreasing 
SLP.  The  relative  humidity  is  negatively  correlated 
with  SLP,  the  coefficient  generally  decreasing  with 
height  to  the  -lOO-mb  level.  The  heights  of  the  various 
pressure  surfaces  have  a  "built-in"  positive  correlation 
in  the  low  levels  that  decreases  with  increasing  heights. 
The  correlation  coefficient  sign  reverses  near  the  200-mb 
level  and,  as  previously  mentioned,  is  negatively  corre- 
lated at  the  tropopause.  The  location  of  the  level  of 
zero  correlation  agrees  well  with  that  found  in  hurricane 
Isbell  (Gentry,  1967). 

The  correlations  of  equivalent  potential  temperature 
6,  and  potential  temperature  6  with  SLP  show  high 
negative  coefficients  centered  in  the  middle  and  upper 
troposphere.  Also  of  interest  is  the  location  of  the 
minimum  equivalent  potential  temperature  value  which 
occurrs  near  the  650-mb  level.  This  level  was  basically 
determined  b}'  the  temperature  lapse  rate  since  the 


relative  humidit)-  varies  b}'  only  10%  from  the  surface 
to  the  600-mb  level. 

4.  Mean  soundings  stratified  by  sea  level  pressure 

The  radiosonde  data  were  stratified  by  the  SLP  of 
the  observations.  A  5-mb  interval  was  chosen,  so  that 
all  the  individual  soundings  with  SLP  of  995-999  mb 
were  in  one  group,  1000-1004  mb  in  another  group,  etc. 
These  data  are  listed  and  illustrated  in  Tables  2-6  and 
Figs.  2-6.  Included  in  the  figures  is  Jordan's  mean 
September  tropical  sounding,  which  was  chosen  for 
comparison  with  the  mean  hurricane  soundings  as  repre- 
senting the  general  conditions  present  in  the  tropical 
atmosphere  during  the  hurricane  season. 

Some  general  observations  can  be  made  concerning 
these  data,  certain  conditions  having  already  been 
indicated  by  the  correlation  coefficients  previously  com- 
puted for  the  mean  hurricane  sounding.  For  instance, 
as  SLP  decreased,  the  temperature,  moisture,  equiva- 
lent potential  temperature  and  potential  temperature 
increased,  especially  in  the  middle  and  upper  tropo- 
sphere. In  general,  as  SLP  decreased,  the  temperature 
approached  a  moist  adiabatic  lapse  rate  through  the 
300-mb  level.  Above  the  300-mb  level,  the  temperatures 
were  much  warmer  than  one  would  expect  from  moist 
adiabatic  ascent.  The  tropopause  was  higher  and  colder 
when  the  SLP  was  lower.  The  cold  and  high  tropopause 
condition  was  also  reflected  in  the  lower  portion  of  the 
stratosphere  where  colder  temperatures  were  recorded. 
In  comparing  the  temperatures  of  the  mean  hurricane 
soundings  with  those  obtained  in  a  time-space  composite 
of  radiosonde  data  obtained  in  the  vicinity  of  hurricane 
Dora  of  1964  (Sheets,  1965),  it  was  found  that  the 
temperatures  in  the  middle-to-upper  troposphere  were 
generally  lower  for  the  mean  soundings.  This  was 
basicall)-  a  result  of  the  structure  of  hurricane  Dora, 
which  was  a  massive  storm  covering  a  very  large  area. 
Dora  would  be  classified  as  a  "Helene-type"  storm 
(Colon,  1964).  A  comparison  with  values  obtained  in 
small  concentrated  storms  such  as  hurricane  Inez  on 
28  September  1966  would  show  the  mean  hurricane 
values  to  be  generall)-  warmer  in  these  levels  except 
within  the  very  intense  warm  core  in  the  eye  and  e^e- 
wall  regions.  Hurricane  Inez  is  classified  as  the  "Daisy- 
type"  (Colon  ei  al.,  1961).  These  examples  indicate 
some  of  the  problems  in  using  a  single  mean  hurricane 
sounding. 

5.  Diurnal  variations 

The  data  were  stratified  by  time  with  two  time 
periods  chosen  that  were  centered  near  the  time  of  the 
niaximiun  and  minimum  of  the  diurnal  temperature 
variation  as  normally  observed  in  the  tropics.  The  mean 
soundings  for  these  time  periods  (0000-0700  and  1200- 
1700  LST)  are  illustrated  in  Fig.  7.  For  the  0000-0700 
LST  sounding,  S.'i,  29  and  24  observations  were  available 
for  the  1000-,  200-  and  100-mb  levels,  respectivel\-.  For 
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the  1200 -1700  LSI' soundin;^,  l.S,  14;ind  11  observations 
were  available  for  these  same  levels,  resjjectively.  The 
afternoon  sounding;  is  showTi  to  be  warmer  than  the 
night  sounding  throughout  nearly  the  entire  tropo- 
sphere. The  maximum  differente  in  the  free  atmosphere 
of  approximately  2C  was  centered  near  the  3(XJ-mb 
level.  Since  the  mean  SLP  of  the  two  soundings  differed 
by  onl}  0.3  mb,  one  can  pra(  ticall\'  eliminate  anj-  effects 
caused  by  the  high  negative  correlation  of  temperatures 
with  SLP  (if  the  distribution  about  the  mean  is  assumed 
to  be  nearl\-  the  same  in  both  casesj.  While  the  mean 
heights  of  the  lOO-nib  surface  differed  by  45  m,  the 
temperature  and  heights  of  the  70-mb  surface  were 
nearly  the  same.  However,  the  number  of  observations 
available  above  the  100-mb  surface  decreased  rapidl_\- 
with  increasing  heights,  and  a  complete  comparison 
between  the  two  soundings  may  not  be  valid. 

'J'o  determine  whether  these  temperature  differences 
were  real  or  not,  certain  questions  had  to  be  answered. 
The  first  question  was  whether  the  instrumentation  may 
have  been  biased  toward  da\time  or  nighttime  te?npera- 
ture  readings.  Befoie  1960,  some  rather  large  errors 
e.xisted  in  daytime  temperature  readings  because  of 
radiation.  Harris  el  al.  (l%2j  found  that  these  errors 
were  of  the  order  of  IC  at  the  200-mb  le\el  and  in- 
creased upward.  Since  around  1960,  the  temperature 
element  on  the  radiosonde  instrument  has  been  shielded, 
and  the  radiation  factor  is  believed  to  be  minimal.  In 
this  study,  the  radiation  factor  is  believed  to  be  onl\  a 
minor  problem  below  the  tropopause  for  two  reasons. 
First,  less  than  20%  of  the  observations  u.sed  were 
obtained  before  I960.  Second,  the  characteristic  in- 
crease in  cloud  cover  associated  with  the  hurricane 
would  tend  to  minimize  radiation  etTects,  especialU- 
below  the  200-mb  level. 

The  second  question  concerned  the  statistical  signi- 
ficance of  the  observed  temperature  dilTerences.  The 
temperature  ditTerences  were  found  to  be  statistically 
significant  at  the  0.05  level  from  200  ^(M)  mb,  and  at 
the  0.10  level  at  350  mb.  The  degree  of  confidence  then 
decreased  below  and  above  these  levels,  except  near  the 
surface,  where  the  temjKraturc  ditTerences  were  signifi- 
cant at  the  0.01  level.  The  large  temperature  ditTerences 
at  the  surface  were  a  result  of  the  observations  having 
been  made  at  land-based  stations.  Similar  observations 
over  water  show  small  diurnal  variations. 

The  third  question  pertains  to  the  actual  distribution 
of  the  data  about  the  meitn  SLP  for  the  da\time  and 
nighttime  soundings.  To  check  this  distribution  and  its 
etTects,  the  data  were  further  stratified  b>-  SLP  as  well 
as  time.  It  was  found  in  each  SLP  category  that  the 
nu'an  values  of  the  daytime  temperatures  in  the  tropo- 
sphere were  warmer  than  the  respectixe  nighttin\e 
temperatures.  However,  since  the  multiple  stratification 
resulted  in  much  smaller  samples,  the  temperature 
dilTerences  in  some  cxses  were  not  statistically  signiti- 
cant,  except  at   very  low  degrees  of  confidence.  This 
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Fig.  2.  A  mean  sounding  computetl  from  radiosonde  flights  with  SLP's  of  1010-1014  mb, 
obtained  within  100  n  mi  of  hurricane  centers.  (Shaded  area  represents  available  instability 
energy.) 


Stratification  did  show,  however,  that  the  distribution 
of  the  observations  with  respect  to  SLP  was  nearly  the 
same  for  both  the  night  and  daytime  data. 

6.  Mean  soundings  stratified  by  quadrants 

The  data  were  stratified  by  quadrants  of  the  storms, 
and  some  differences  in  the  computed  mean  soundings 
were  noted.  Because  the  mean  SLP  for  the  observations 
varied  from  quadrant  to  quadrant,  the  data  were  then 
further  stratified  by  SLP  and  quadrant.  The  result  was 
that  onl)'  small   differences  were  noted  within   each 


pressure  categor}-  between  the  various  quadrants,  and 
these  differences  were  not  consistent  from  one  pressure 
category  to  the  ne.xt'.  From  this  information  it  seems 
that  any  variations  that  may  have  existed  between 
quadrants  were  either  too  small  to  be  detected  by  the 
radiosonde  instrumentation,  or  the  sample  size  for  each 
category  after  the  multiple  stratification  was  too  small. 

7.  Stability  aspects  of  the  mean  sounding 

The  stability  of  the  environment  becomes  of  major 
interest   when   the   question   of  weather   modification 
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Fig.  3.  Same  as  Fig.  2  e.xcept  for  SLP's  of  1005-1009  mb. 
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Fig.  4.  Same  as  Fig.  2  except  for  SLP's  of  1000-1004  mb. 


arises.  Some  aspects  of  the  stability  have  alread\'  been 
mentioned  such  as  the  stable  conditions  existing  in  the 
upper  troposphere  of  the  various  soundings.  These 
features  are  further  illustrated  in  Fig.  8,  which  shows 
the  vertical  distributions  of  equivalent  potential  tem- 
perature and  potential  temperature  for  some  of  the 
mean  soundings.  Also  included  is  a  sounding  made 
within  eye  of  a  hurricane  as  it  passed  over  Tampa,  Fla., 
in  1944.  As  readily  observed,  most  of  the  soundings  be- 
come increasingly  stable  above  the  5()0-mb  level,  but  all 
the  soundings  presented  show  that  they  were  con- 
ditionally unstable  in  the  lowest  levels.  Both  figures 


show  that  at  nearly  all  levels  the  values  of  both  d,  and 
6  steadily  increase  with  decreasing  SLP.  The  minimum 
values  of  d,,  for  all  the  soundings  e.xcept  the  eye  sounding 
were  recorded  between  the  levels  of  600  and  700  mb.  The 
largest  values  of  0,  and  0  shown  at  nearly  all  but  the 
lowest  levels  were  recorded  in  the  eye  sounding.  The 
largest  differences  in  equivalent  potential  temperature 
between  the  e\e  sounding  and  the  mean  hurricane 
soundings  were  found  near  the  700-mb  level  and  just 
below  the  tropopause.  The  high  values  of  dt  in  the  eye 
sounding  were  a  result  of  the  sounding  being  quite  moist 
in  the  lowest  levels  and  very  dry  in  the  middle  to  upper 
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Fig.  5.  Same  as  Fig.  2  except  for  SLP's  of  W5-Q99  mh. 
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Fig.  6.  Same  as  Fig.  2  except  for  SLP's  of  less  than  995  nib. 


troposphere,  where  temperatures  were  also  quite  high 
due  largely  to  subsidence.  The  increased  6,  and  d  values 
shown  for  decreased  SLP's  are  a  direct  result  of  the 
larger  amounts  of  latent  heat  released  b>-  the  increased 
convective  activity  associated  with  the  deeper  (lower 
SLP)  tropical  c\xlones. 

Gray  (1967)  has  defined  a  potential  buoyancy  for  the 
lower  half  of  the  troposphere  as  the  difference  of  the 
equivalent  potential  temperature  from  the  surface  to 
the  500-mb  level.  He  obtained  average  values  for  the 
mean  summertime  tropical  atmosphere  and  the  mean 


tropical  disturbance  of  18-2()C  and  14-1 7C,  respec- 
tively. The  potential  buoyancy  values  for  a  number  of 
the  presented  soundings  were  computed  and  are  listed 
in  Table  7.  The  values  Gray  obtained  are  much  larger 
than  those  obtained  for  the  mean  hurricane  soundings 
presented  in  this  paper.  The  values  he  computed  de- 
crease with  the  presence  of  a  disturbance,  which  is  in 
agreement  with  the  general  decreases  shown  for  the 
mean  hurricane  soundings  as  SLP  falls. 

To  get  a  more  quantitative  measure  of  the  stability 
or  instability  of  the  atmospheric  conditions  depicted  by 
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Fig.  7.  Mean  hurricane  soundings  computed  from  radiosonde  flights  with  observation  times  of 
(KXX)-0700  and  1200-1700  LST  obtained  within  100  n  mi  of  hurricane  centers. 
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l''iG.  8.  The  vertical  distribution  of  equivalent  potential  temperature  (left)  and 
potential  temperature  (right)  for  selected  soundings. 


these  soundings,  the  avaihible  instabilit)-  energy  /* 
(Belinski,  1958;  Haurwitz,  1041)  was  computed  using 
the  relation 


/*  =  /«-7e„v 


g 


(7^9-7'e„v)#, 


where  /  =  4.187X10'  ergs  cal^',  f„  =  0.172  cal  gin"' 
("K)"',  g=980  cm  sec~-,  Te,  is  the  temperature  of  the 
parcel  at  the  specified  pressure  and  6,.,  and  T„xy  the 
temperature  of  the  environment  at  the  specified  pres- 
sure. The  value  specified  for  de  was  the  value  of  the 
moist  adiabat  passing  through  the  lifting  condensat'on 
level  (LCL)  of  a  parcel  initially  at  the  l()()0-mb  level. 
The  net  instability  energy  avaihible  through  parcel 
ascent  is  rejiresented  by  the  shaded  areas  in  Figs.  16. 
The  limits  of  the  integration  were  from  the   U'i(!()-mb 
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.Net  available  instability  energy  (XIO"  ergs) 
and  potential  buoyancy. 


Instability 

Potential 

Surface  pressure 

energy 

buo>-ancy 

<995  mb 

1.93606 

5.2 

995-  999  nib 

0.29954 

7.4 

1000-1004  mb 

3,48491 

8.3 

1 005- 1009  mb 

8.79630 

11  ') 

1010-1014  ml) 

6.01 27.S 

SO 

all  cases 

4.61002 

9.9 

surface  to  the  level  of  free  convection  (LFC),  with  this 
energy  being  defined  as  negative,  and  then  from  the 
LFC  to  the  pressure  level  where  the  specified  moist 
adiabat  recrossed  the  actual  temperature  sounding, 
this  latent  energy  being  defined  as  positive.  Po-^itive 
values,  therefore,  indicate  a  net  available  instability 
energv,  while  negative  values  indicate  that  the  work 
rer(uired  is  greater  than  the  cncrg}'  available  for  release 
through  parcel  ascent.  Table  7  shows  that  the  instability 
energy  and  potential  buoyancy  generally  decre;ised 
with  decreasing  SLP's.  The  depth  of  the  conditionally 
unstable  layer,  however,  seemed  to  vary  considerably. 
Figs.  2-6  show  that  the  positive  instability  energy 
areas  were  centered  ncai  the  600-mb  level  and  generally 
decreased  as  the  SLP  dropped.  This,  of  course,  indicates 
Ihat  within  the  storm  circulation  the  effects  of  convec- 
tion make  the  total  sounding  more  stable  b\'  increasing 
the  stability  of  the  lower  levels.  Palmen  l,19-;-8)  indicated 
values  of  instability  energy  available  for  mean  Sep- 
tember conditions,  which  generally  incre;ised  fron\  east 
to  west  across  the  .\tlanlic  Ocean  and  Cariblican  Sea 
to  the  Gulf  of  Me.xico.  .\gain,  as  w;us  the  ctise  for  the 
potential  buoyancies,  the  values  were  larger  than  those 
ohi.iimd  for  the  mean  hurricane  soundings. 

I'iidse  who  have  piiysically  observed  hurric;u»es  on 
a  regular  or  semi-regular  b;isis  have  often  e.\pressed  the 
opinion  that  a  diurnal  elTect  exists  in  the  intensity  or  at 
least  ihe  "acti\ity"  o!  a  hurricane.  In  (Kirticul.vr,  flight 
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crews  who  participate  in  reconnaissance  and  research 
missions  into  hurricanes  have  often  stated  that  night- 
time "penetrations"  seem  to  be  "rougher"  than  similar 
daytime  flights.  To  get  some  measure  of  any  differences 
that  might  exist  in  the  stabiHty  of  the  da>time  vs 
nighttime  hurricane  conditions,  the  static  stability  of 
the  two  soundings  presented  in  Fig.  7  was  computed. 
A  measure  of  the  static  stability  for  dry  and  moist 
adiabatic  processes  is  given  by  the  expressions  (Eliassen 
and  Klunschmidt,  1957) 


0  dP 


and 


Cm  — 


a  dde 
dP 


respectively,  where  o-  is  a  measure  of  the  static  stability, 
a  the  specific  volume,  8  potential  temperature,  and  6^ 
equivalent  potential  temperature.  Values  of  cr  were 
computed  in  cgs  units  with  dimensions  of  cm*  sec^  gm"^ 
and  are  listed  in  Table  8. 


Table  8.  Static  stability  for  dry  and  moist  adiabatic 
processes  (10"'  cm^  sec^  gni"'). 


Dry  adiabatic 

Moist  ac 

liabatic 

processes 

processes 

0000-0700 

1200-1700 

0000-0700 

1200-1700 

Level 

LST 

LST 

LST 

LST 

P.SO  mb 

3.834 

2.176 

-3.322 

-5.160 

850  mb 

4.806 

4.997 

-3.426 

-4.006 

750  mb 

5.856 

6.265 

-0.842 

-2.630 

650  mb 

6.927 

7.040 

-1.907 

+0.956 

550  mb 

10.988 

10.849 

+  0.733 

+  2.674 

450  mb 

12.362 

12.660 

+  4.731 

+  3.011 

350  mb 

13.909 

16.177 

+  6.790 

+9.730 

250  mb 

16.518 

17.414 

+ 1 1 .360 

+  12.222 

The  computed  values  show,  except  for  the  lowest 
levels,  that  the  mean  daytime  sounding  was  generally 
more  stable  than  the  mean  nighttime  sounding  for  dry 
adiabatic  processes.  For  moist  adiabatic  processes,  the 
da3time  sounding  was  more  stable  in  the  upper  levels 
but  less  stable  than  the  nighttime  sounding  in  the  lower 
levels.  These  observations  were  taken  at  land-based 
stations  and  it  is  believed  that  if  the  soundings  were 
taken  over  water,  the  mean  soundings  would  be  almost 
identical  in  the  lowest  levels  because  of  the  very  low 
diurnal  variation  of  the  water  temperature.  If  this  is 
true,  then  the  available  instability  energy  is  much 
greater  at  night  than  in  the  afternoon. 

8.  Summary  and  conclusions 

The  high  correlation  of  the  various  parameters 
with  radiosonde  observed  SLP  requires  exact  specifica- 
tion of  what  is  meant  by  a  "mean  hurricane  sounding." 
For  this  reason  more  than  one  sounding  has  been 
presented  with  stratification  of  the  observations  by 
SJ^P.  Even  these  soundings  do  not  include  that  portion 
of  the  storm  containing  the  ver\-  warm  core  that  has 


been  shown  to  exist  in  the  e)-e  and  eyewall  regions 
(LaSeur  and  Hawkins,  1959;  Sheets,  1967a,  b). 

These  mean  soundings  show,  as  the  surface  pressure 
decreased,  that  the  temperature,  moisture,  potential 
temperature  and  equivalent  potential  temperature 
increased  at  most  levels  within  the  middle  and  upper 
troposphere.  The  tropopause  rose  and  became  colder, 
and  the  available  instability  energy  decreased  as  the 
vertical  temperature  distribution  approached  a  moist 
adiabatic  lapse  rate.  The  soundings  were  generally 
conditionally  unstable  in  the  low  levels  but  became 
very  stable  in  the  upper  troposphere. 

Not  much  has  been  said  about  the  conditions  in  the 
stratosphere  because  of  the  decreased  sample  sizes,  but 
some  of  these  data  are  presented  as  a  point  of  interest. 

The  values  of  the  potential  buoyancy  and  the  insta- 
bility energy  obtained  in  this  study,  when  compared 
with  those  obtained  by  Gray  (1967)  and  Palmen  (1948), 
give  further  evidence  that  the  net  effect  of  the  increased 
convective  activity  associated  with  tropical  cyclones 
is  to  decrease  the  convective  instability  of  the  atmo- 
sphere as  it  approaches  the  centers  of  hurricanes. 

Diurnal  variations  of  temperatures  have  been  shown 
to  occur  within  the  hurricane,  especially  in  the  middle 
to  upper  troposphere.  While  the  static  stability  com- 
pnitations  have  shown  that  there  may  be  some  basis  for 
the  belief  that  hurricanes  are  more  active  at  night,  this 
certainly  has  not  been  conclusively  demonstrated  and 
should  be  an  area  for  future  studies  as  more  data  become 
available.  No  consistent  variations  were  noted  between 
quadrants,  but  with  the  multiple  stratification  the 
sample  sizes  were  too  small  to  be  conclusive.  Again,  this 
could  be  an  urea  for  possible  future  studies. 

Ackiwidedgmenls.  The  author  expresses  his  apprecia- 
tion to  Dr.  R.  Cecil  Gentry,  Mr.  Harry  F.  Hawkins, 
Dr.  S.  L.  Rosenthal  and  Dr.  Banner  I.  Miller  for  their 
guidance  and  critical  reviews  of  the  manuscript.  Thanks 
are  also  due  R.  L.  Carrodus,  R.  Dirks,  C.  H.  True  and 
Mrs.  Judy  Greene  for  preparation  of  the  illustrations 
and  manuscript  and  to  those  members  of  the  radiosonde 
teams  whose  dedication  to  duty  enabled  them  under 
ver_v  diflicult  conditions  to  obtain  the  data  which  made 
this  study  possible. 
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Whether  or  not  a  hurricane  is  notable  and  should  be  remembered  depends 
upon  many  things.   The  selections  in  this  publication  are  limited  to 
those  which  have  made  landfall  in  the  United  States  or  have  been  near 
misses.  Also,  most  of  them  were  major,  extreme,  or  great  hurricanes; 
these  adjectives  usually  refer  to  intensity  as  determined  by  the  maxi- 
mum wind  or  the  sea  level  pressure  within  the  eye.  Some  hurricanes 
were  great  while  at  sea  but  reached  land  with  considerably  diminished 
intensity.  Connie  1955  is  a  good  example.   On  the  other  hand,  some 
which  did  not  have  particularly  low  pressures  or  high  winds  were 
devastating  because  of  flooding.  Most  notable  in  this  category  was 
Diane  1955.  For  these  reasons  the  criteria  used  to  determine  the 
memorable  hurricanes  of  this  century  were  not  rigid  and  have  been 
omitted  here. 

The  data  on  each  map  should  be  considered  extremes.  Needless  to  say, 
some  are  subject  to  contradiction  depending  upon  what  source  or  ref- 
erence one  reviews.  For  the  most  part,  the  data  were  drawn  from  the 
Monthly  Weather  Review  articles.  Hurricanes  and  Tropical  Storms  In 
The  Gulf  of  Mexico,  WBO,  New  Orleans,  Atlantic  Hurricanes  by  Dunn  and 
Miller  and  Hurricanes  by  Tannehill,   Tracks  are  from  the  Weather  Bureau 
Technical  Paper  No.  55  by  Cry,  but  the  varying  intensities  along  the 
tracks  have  be§n  omitted. 

It  is  hoped  that  this  paper  will  serve  as  a  ready  reference,  and  ^d.11 
be  useful  as  a  climatological  aid  in  forecasting,  for  speeches,  and  for 
preparedness  conferences. 

Table  I  lists  the  greatest  United  States  hurricanes  of  all  time  based 
upon  death  and  damage  figures.  Dollar  estimates  have  not  been  ad- 
justed for  inflation.   It  is  also  quite  obvious  that  damage  figures 
have  increased  and  will  continue  to  do  so  as  population  and  industry 
increase,  especially  along  the  coastal  areas. 

We  are  grateful  to  Miss  Esther  Monserrat  of  the  National  Youth  Corps 
for  clerical  help. 


SELECTED  MEMORABLE  HURRICANES  OF  THE  UNITED  STATES 


DAMAGES  (Millions  of  Dollars) 


DEATHS 


BETSY 

1965 

lia9.8 

GALVESTON 

1900 

6000 

DIANE 

1955 

800.0 

LOUISIANA 

1893 

2000 

CAROL 

195i| 

U50.0 

SOUTH  CAROLINA 

1893 

1000-2000 

CARLA 

1961 

UOO.O 

OKEECHOBEE 

1928 

1838 

NEW  ENGLAND 

1938 

387.1 

KEYS  AND  TEXAS 

1919 

600-900 

DONNA 

i960 

386.5 

GA.  AND  S.C. 

1881 

700 

HAZEL 

1951^ 

251.6 

NEW  ENGLAND 

1938 

600 

DORA 

1961; 

250.0 

AUDREY 

1957 

550 

BEULAH 

1967 

200.0 

KEYS 

1935 

U05 

AUDREY 

1957 

150.0 

ATLANTIC  COAST 

19hh 

390 

CLEO 

196U 

128.5 

MISS.   AND  LA. 

1909 

350 

MIAMI 

1926 

111.8 

GALVESTON 

1915 

275 

MISS.   AND  LA. 

1915 

275 

TABLE  I 
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TIDES: 

14.0  Feet,  Punta  Rassa,  Florida 
destroyed 
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MAJOR    HURRICANE         SEPT   26    OCT   9,1873 


ijz= 


Three-fourths  of  Indianola,  Texas 
destroyed  by  tides. 

176  Lives  lost 

Damage  $1,000,000 


^—■■■'       '      "'- 


'^~   ■'- '  '  ■ 


EXTREME    HURRICANE 


SEPT    8-18  ,1875 


I''    J^.o    it.      ar'G,    "loriita 


■^f, .  ■,  ■"'•;'•;: ,— r^^ 


Damage  estimated  at  $1,000,000  at 
Brovmsv ille ,  Texas ( nearly  destroyed) 
and  Matamoras,  Mexico 


T 1 


' 


MAJOR   HURRICANE 


AUG    21  -29     ,1881 


£dC= 


Cedar    Key,    I-la.    sulimerf.Ted   by   tides. 


MAJOR    HURRICANE 


OCT  5-15,1862    i 


21    lives    lost    in  S.    Carolina 


■^■!^^^ 


-a. If «- 


UG  12-21  .leeeH 


T ndianola ,  Vexas 
destroyed  \>y   tides 


12. 


1000-2000   lives   lost    in 
S.   Carolina 


EXTREME    HURRICANE        AUG   15  SEPT  2  ,1893 


I'J- 


frfiir      r   —L. 


TIDES 

1.  10.0-12.0  Pass  Christian, 

Miss. 

2.  10.0      Waveland 


EXTREME      HURRICANE    SEPT    27    OCT    5,1893 


100  mph  winds  at   Penaacola 


^^M^^M& 


-H <l * 


10.8-ft.  tides  at 
Pernandino  Beach,  Pla. 

179  lives  lost  in  Va. 


T         .<.   .nr...g.^^ 


[extreme   HURRICANE        SEPT    25  OCT   6.1898; 


7  st.ips  wrecked 
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EXTREME    HURRICANE 


AUG     3-24  ,1899 


16. 


^P-       *"' 


High  tides 
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MAJOR   HURRICANE  OCT  23    NOV  4,1899 
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1 

1 
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^A 


'>'     ■'  •  "■'•■ 


'r      T       T      .J,.  .. »..,.■£, -^ 


Tides  20.0  ft.  at  Galveston,  Texas 
6, COO  lives  lost  at  Galvaston,  .'exas 
Damage  was  $30,000,000, 


GREAT    HURRICANE         AUG    27  SEPT  15  ,1900 


17. 
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GREAT   HURRICANE 

SEPT    3- 
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■18,1906   , 

Pressure  27.90   in.    at  Cape   Pear 
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TIDES 

1.  12.0-15.0  ';oden,     .lahama 

2.  12.0     ayou    Jrande 

3.  10.0  Pensacola  Bay,   Fla. 

4.  ?.9   rtobile,   Alabama 
PRBSS-Ji; 

28.30  in.    BoT 
LIVE. 

34  I;illed   Pensacola 


-''■  -"'''v:-    ^-^ 


MAJOR    HURRICANE 


SEPT    19-29  ,1906 


le. 


ly. 


-^1'-^^ — -^^ 


TIDES 

1.  15.0  Tlmbalier  Bay,   La. 

2.  8.0-12-0  Miss.   Coast 

3.  d. 0-10.0  3.2.   La. 

350  lives   lost' 


-.-Jr^^r^"'^^,-^ 


EXTREME    HURRICANE  SEPT    10-21,1909 


15  lives  lost 
damace  -p  1,003, 000 


T    T   ■  ■; .  .  "■•■■'£  .  ,  ' 


MAJOR    HURRICANE 


OCT    6-13  ,1909 


PRESSURE 

1.  27.80  in.  S.S.   Jeaji 

2.  28.20  in.  at   Ft.   Myers,   Fla, 

3.  28.40  in.  Sand  Key,   Fla. 

30  lives  lost 
$365,000  damage 


TIDES 
1 
2 


16.1  Galveston  Causeway 
14.3  Galveston,  Texas 

3.  13.9  Virginia  Point,  Texas 

4.  12.6  Texas  City,  Texas 

5 


11.0  Sabine,  Tex-La. 

WINDS      120  mph  Galveston,    Texas 

PRESSURE  28.06    in.    at   Velasco, 
Texas 


TIDE3 

1.  11.8  Bay  Jt.    Louis,    :  .iss 

2.  9.0   Julfport,    L.iss. 

3.  9.0  Blloxi,      iss. 

275   lives    losL,    dama  e  was 
•■13,000,000 


J&; 


Tides  11.9  ft.  Mobile,  Alabama 

Winds 

1.  107  mph  Mobile,  Alabama 

2.  104  mph  Pensacola,  Florida 

pressure  28.38  in.  Ft.  Morgan,  Ala, 

4  lives  lost 

Damage  was  ',3,000,000 


■^^ii 


T  ..H.r 


MAJOR    HURRICANE         JUNE  29  JULY  10,1916 
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4 

J^x. 
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V 

T      .,SLi""Vfc^S 


I — i'ti      JL. 


i£= 


Tide  5.9  ft.  Corpus  Christi,  -'exas 

/inds  90  mpf:  Corpis  Ciristi,  Texas 

pressure  2o.00  in.  I'-ingsville, 
'exas 

Lives  20  killed 

Damage  $1, COO, 000 


ly  / 


--J 


GREAT  HURRICANE 


AUG  12-19  ,1916 


CJ 


^4 

ffl- 

fl 

\[ 

1 

I 

1 

1    . 

\ 

• 

V 

. 

WINDS 

1.  lis   LTJSts   to  128   mph   at 
Mobile,   Ala. 

2.  120  mph  at   Penaacola,   Pla. 

Pressure  28,76   in.    at    Penaacola, 
Fla, 


zh. 


Winds 

1.  125  mph  Sulphur,  La, 

2.  100  gusts  to  120  mph 
De'iuincy,  La. 

3.  100  mph  ^and  Chenier,  La 

34  lives  lost 
Damage  was  $5,000,000 
Pressure  28. 3()  in.. Sulfur  LA. 


26. 


=S1; 


± 


TIDES 

1.  10.2  Ft.  Perrine,  Fla. 

2.  8.8  Ft.  Garden  Cove,  Fla. 

WIND.S 

1.  150  mph  EST  Key  Largo,  Fla. 

2.  100  mph  Everglades,  Fla. 


GREAT    HURRICANE     SEPT  22     OCT     4,1929 


-■  '       i-J     '-^ 


1.       27.30  ship    (uncorrecteci; 

27.64  Nassau 

28.00  Key  Largo,    Fla. 

28.18  Long   Key,    Fla. 

28.80  Panama  City,    Fla 

28.95  Everglades,    Fla. 


28. 


TID  i;   7  ft.    Ilorfolk,    Va. 

WINDSi 

1,  68  raf*  Cape  Henry 

2.  64  mph  Cape  Tatteraa 
PRESSURE: 

1.  27.98  3.3.   Tana 

2.  2S,67  Cape  Hatteras 

3.  28.68  Norfolk.  Va. 


Damage  was  J21,000,000 


.;i.  1  "I'vji,    ,  n 


BSBS 


TIDES 

1.      12.0-15.0  Brownsville,   Texas 
8.0  Corpus  Christi,   Texas 


WI>DS  80  mph  Brownsville,   Texas 

PRESSURE 

1.  27.99  S.S.  Harvester 

2.  27,47  S.S.  Jamaica  Pioneer 

3.  28.02  Brownsville,  Texas 
40  lives  lost 

Damage  was  $12,000,000 


-"'" — "- — 

WI'  ID  i 

V~^-^V^^ 

-i!r'-~ — f-Tii — T — ir — ;  — r-^^ss 
GREAT    HURRICANE 

--^— f ^— TfrTT— ^'-r^  ■;r^^ 

AUG  31  SEPT  7.1933    ,) 

1.  140  mph  Bleuthera 

2.  125  mph   Jupiter,    Pla. 

PRBSSURB  27.98  Jupiter,   Pla. 

2  lives  lost 

Damage  was  $4,120,000 

7        f. 
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WIIDS   7''  mpli  Cape  Hatteras 

PRBJ3URB  27.96  S.S.    Washington 
2a. 25  Cape  Hatteraa 

21    lives   lost 

lamaive  was    "1,000,000 


'"■       '     ~^ 


GREAT     HURRICANE 


SEPT   8-21,1933    ; 


30. 


n^ 


TIEES:  15-20  Long  Key,  FLa. 
WINDS:  2CX)  mph  Est  Keys 
PRESSURE:  26.35  In.  at  Lower 
Matecumbe  Key,  Fla. 
It05  lives  lost 
Damage  vas  $6,000,000. 


T.     'f 


iihsJ 


■■•' 


GREAT   HURRICANE   "LABORDAY"        AUG  29  SEPT   10,1935 


WirDS  80  mph  llatteraa 

2  lives  lost 

Damage  was  $1,600,000 


32. 


ir        -      ■'     '•■•     '-■     -     ^    ° — ■- 

TIDES 

1.  14.5  ft.   Jennings,   Mermentau 
Riv. ,   La. 

2.  14.3  ft.  Abbeville,  Vermillic?n 
Riv.,   La. 

3.  10.1  Ft.   Bridge  Junction 
Calcasieu  Riv. 

WIM)S 

1.  82  mph  Port  Arthur 

2.  80  raph  Cameron,   La. 

3.  70  raph  Sabine 


■■       -^       "•        '^       -«•■' 


HURRICANE 


AUG    2-10,1940 


PRESSURE 

1.  28.66  Houston,   Texas 

2.  28.72  Richmond,  Texas 

3.  28.80  Alvino,   Texas 

4.  28.85   Matagorda,  Texas 

4  lives  were  lost 
Damages  were  $6,000,000 


3U. 


TIDES 

1.  Ik. I   Matagorda,  Texas 

2.  13.8  Port  O'Connor,  Texas 

3.  12.4  Magnolia  Beach,  Texas 
h.        9-2  Port  Lavaca,  Texas 

WINDS 

1.  120  mph  EST  Port  Lavaca,  Texas 
115  mph  Sea  Drift,  Texas 
110  mph  Matagorda,  Texas 
h.       85  mph  PalacloE,  Texas 
5.   80  mph  Port  O'Connor  C.  G. 


MAJOR    HURRICANE 


AUG    21-31,1942 


r2=r 


3S 


PRESSURE 

1.  28.10  in  Sea  Drift,  Texas 

2.  28.21  in.  Port  O'Connor,  C.  G. 

3.  28.1*6  In.  Port  Lavaca,  Texas 
1*.  28.80  in.  Palaclos,  Texas 


I 


'J?. 


TIDES 
1. 
2. 
3. 

WINDS 
1. 

2. 
3. 

It. 


12.3  Jacksonville  Beach,  Fla. 

11.0  Naples,  Fla. 

10 .B  Atlantic  Beach,  Bla. 


120  mph  gusts  to  l63  mph 

Havana,  Cuba 

120  mph  Dry  Tortugas,  PT.a. 

118  mph  Grand  Cayman 

108  mph  in  gusts  Orlando,  Florida 

100  mph  in  gusts  Tampa 


-■■■  ."'■-'v^^^ 


GREAT  HURRICANE  "HAVANA-FLA'.'ocT  12-23.1944 
■n 1 — I     I'  u  ^ — I     I      I      '   '  '      ...    ,  w 


3^ 


PRESSURE 

1.  28.02  In.  Dry  Tortugas,  Kla. 

2.  28.36  In.  Havana,  Cuba 

3.  28.1*2  in.  Sarasota,  Fla. 

18  lives  lost  in  the  U.  S. 

Damage  was  $60,000,000  in  the   tj.    r>. 


36. 


sSi 


■"^      '-■■     »•■ 


.ri ,  »    -    - 


PRESSURE 

1.     28.09  in.   Homestead,   Fla. 
2-      29.19  In.  Miami,    Fla. 

ij:ves 

1.  k  lives  were  lost  In  Fla. 

2.  22  lives  lost  In  the  Bahamas 

DAMAGE  was  $5lk, 130,000  in  Fla. 


EXTREME  HURRICANE 


SEPT    11-20,19451; 


-yr_    ill- .    »r    yr    fi  ,  ,i>r   r,   r^jH.-^-, 

PRESSUBE 

1.  27.97  in.  Hlllsboro,  Fla. 

2.  28.61  In.  Nev  Orleans,  L*. 

3.  28.67  In.  Sanibel  le.,  Fla. 
1*.  28.71  In.  Miami,  Fla. 
'.  -  28.82  In.  n.  Myers,  na. 

28.98  In.  Hypoluxo,  Fla. 

29.02  In.  West  Palm  Beach,  na. 


6. 

7. 


51  lives  lost 


Damage  wao  $110,000,000 


■^     *     f  -s-^- 


^S 


GREAT  HURRICANE 


SEPT  4-21,1947 


^ 


21.6  MSL  ClewlBton,    Fla. 
20.9  MSL  Itoore  Haven,   Fla. 
14.0  Oiandeleur,   Miss. 
12.0  Bay  St.    Louis,   Mloc. 
10.8  Biloxl,   Mies.    . 

9.0  fescagoula.   Miss. 

3.8  Ft.    Pierce  River 


} 


C 


WINDS  95  mph  Savannah,  Ga. 
PRESSURE  28.76  in.  Savannah,  Ga.  [? 
1  life  losi, 

DAMAGE 

1.  $3,000,000   Ga.    &  CarolliLHS 

2.  20,000.000  Florida 


T        T         T       ■).,  ,"'Mg,    ,3: 


HURRICANE 


OCT    9-16  ,1947 


38. 


TIDES 

1.  19.0  MSL  Canal  Point,    Fla. 

2.  17.7  MSL  Lake  Harbor,   Fla. 

3.  5.2  Goulds  Canal,   Fla. 

VnjTDS  122  mph  Key  West,    Fla. 
PRESSURE  28.45   In.    Key  West 
3  lives  lost 
Dauiage   was   $17,500,000 


I 


>  -^, 


^, 
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MAJOR    HURRICANE 


SEPT    18-25,1948 


CJt 


{ 


...  / 


/? 


fri^ 

r. 

1 

ll 

\Jr 

- 

J 

\   ^ 

1 

• 

^^ 

TIDES 

1.  0.2   ft.    Homestead,    Fla. 

2.  6.2  ft.   Arsenlcker  Key,    Fla. 

3.  5-1  ft.   Key  Blscayne,   Fla. 

1-^ 

HURRICANE 

OCT 

3-15,1948   , 

—V^-rn  \ 

\3A  \> 

C^vV-f 

'^  \\ 

iTT\y 

WIIJDS 

1   V 

Uv-T 

\       \      3f^Nv 

\/^>^      K 

1.      132  mph  Havana,    Cuba 

{ 

^  vt--rn  \  \ 

\  3c^'\    \ 

/X^Sv 

2.     100  mph  Florida  Keys 

\ 

'^   1  \  \  \ 

,  ^^'''^x      \     Jv 

\\\ 

3.      100  mph  Bermuda 

^~^ .^   1  \  \^ 

\    \    ^A^ 

\    /\Vwj(> 

PRESSURE     28.92   in.   Miami,   Fla. 

^ 

5^ 

\y<r\  V 

-^x    vT^ 

11   lives   In  Cuba 
DAMAGE 

1.      $5,000,000   Florida 

*^-^ 

XvC 

X^: 

\         ^r"""'''^    \ 

2.        0,000,000   Cuba 
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Ti     ^-< 

/KJ^    1  ^ 

M-' (7 — 1 

— L-  ^    „ 

^ — t— 

— ^ 

L i.-^^-!      X 

WIKDS  132  mph  Diamond  Shoals 
Llghtehlp 

PRESSURE  28.80   in.   Diamond  Shoals 
Llgntshlp 


*~^.-A-Je— Lji(L.j: 


HURRICANE 


Jjii^-itf  /'c 


■ — IK-  VI  ■ 


i£b& 


'r      •' 


-■   -   ■■■■^■■^^r    -r^ 


TIDES 
1. 

2. 
3. 
It. 
5- 


21*. 0  MSL  Belle  Glade,   Fla. 
23.1  MSL  Okeechobee,   Fla. 
12.5   ft.    White   City  River,    Fla, 
11.3  ft.   Ft.   Pierce,   Fla. 
.5   ft.   St\iart,   Fla. 

7.5  ft.   Paljii  City,    Fla. 

6.5   ft.    Salerno,    Fla. 


EXTREME     HURRICANE 


AUG    23-31  ,1949   , 


1.  132  mph  gMSts   to  l*;.!  Jupiter,   Fla. 

2.  130  mph  gusts  to  155  mph  Ks..   W.   PrOs.  Boao; 

PRESSURE     26.17  in.   West   ROja  Beach.    Florida 

2  lives  lost 

Damage  vas  $^2 ,  i.XK' .  OOP 


£ 


ao. 


TIEES 
1. 

2. 
3. 

1*. 
5- 

11. 1^  ft 
11.0  ft 
11.0  ft 
10.5  ft 
8.0  ft 

WDTDS 
1. 

2. 
3. 

135  mph 
90  mph 
86  mph 

Harrleburg,  Texas 
Velasco,  Texas 
Freeport,  Texas 
Greens  Bayou,  Texas 
Matagorda,  Texas 


.  It,    IT.  ,ii:     r — X, 


„     ,      J    ^P* 


TIDES 

1.  5.3   It.    Key  Blocayne,    Fla. 

2.  19.3  ft.   MSL  Clewlston,   Fla 

WINDS     122  raph  t.'usts  to  I5O  mph 
Miami,    Florida 

PRESSURE     38.20   In.   Miami,    Florida 

LIVES 

1.  3  lost  In  Florida 

2.  1  lost   In  Georgia 
Dajnagewac 


.f       .r        T       .j;,...'r.g, 


MAJOR    HURRICANE  "KING"  OCT    13-19  .1950 


l42. 


I^^&e: 


<n'  ,  .ifr        Tp 


WIMDS  95  mph  Brookhaven,  L.  I. 
21  lives  were  lost 
Damage  was  $40,600,000 


ff  y  ..jr  T 


^ 


T  T   'f   T   ./i.  1  ""VJfa 


EXTREME  HURRICANE  "EDNA"  SEPT  2-14,1954 


1)3. 


"'   ''•   "•  ■  "      "■     "•■  '"•  <"  -»^ 


TIDES: 

1.  8  ft.  Bags  Head,  N.C. 
WINDS: 

1.  75  nph  gusts  to  100  mph 
Ft.  Macon,  N.C. 

2.  72  mph  gusts  to  83  mph 
Wilmington,  N.C. 

DAMAGE:  $J40,000,000. 


GREAT  HURRICANE,  CONNIE 


Uh. 


jl      t      L,  ^      J    1      I      .^      ^       ^       If        ,        i^         ,        J...n.M.     J. 


PRESSURE     28.35  In.   Carolina 
,    lives  were  lost 
Damage  was   $68,000,000 


T      T 


•ill       v*^ '     ' 


PRESSURE     28.93   in.    Pensacola,    Fla. 

15  lives  lost 

Damage  was  $2l*,87lt,000 


HURRICANE,  FLOSSY 


SEPT    21-30  ,1956 


'      ^  -*  ' 


TIDES 

1.  5.0-10.0  East  of  Miss.  River,  La. 

2.  6.1  Panama  City. 

WINDS 

1.  90  mph  gusts  to  100  mph  Grand  Is. 

2.  8k   mph  Burwood,  La. 

3.  83  mph  Oil  Rig,  La. 

k.  80  mph  gusts  New  Orleans  Control  Tower 

5.  lO  mph  gusts  Biloxl,  Miss. 

b.  bO  mph  Pass  Christian,  Miss. 

$.  58  mph  gusts  to  96  mph  Pensaoola,  Fla. 


L?. 


_^ 


J= 


=g U 


TIDRS: 
1. 
2. 
3. 
4. 
.■5. 


13. S)  ft.  Oak  Grove  Ridge, 

12. 1  ft.  Cameron,  La. 

12.0  ft.  Grand  Chenier,  La. 

HuitiMe  Canal,  La. 

Superior  Canal,  La. 

Sabine,  Texas 

Texas  Hayou,  La. 


11.0  ft. 
10.0  ft. 

t).2  ft. 

9.0  ft. 


GREAT  HURRICANE  "AUDREY"  JUNE    25-28,1957 


1*6. 


TIDES     9-12  ft.   Just  S.W.   of 
Charleston,    S.   C. 

WIPIDS 

1.  I5O-I75   estimated  gusts 

2.  92   CTJSts  to  138  mph 
Beaufort,   S.   C. 

PRESSURE  28.05   in.   Beaufort,    S.C. 
22  lives  were  lost 

Damage  was   $lU,OOO,000 

-■■-     .     r...     -r     ^      ^      r      \r      . 

MAJOR  HURRICANE    "GRACIE' 

SEPT  20    OCT  2   ,  19  59]( 

—,!__ 
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U8. 


TIDES 
1. 
2. 
3. 

WINDS 
1. 
2. 
3. 

4. 

n    ^*-      nT-..ncuj;  f-b-      r.n 

MAJOR  HURRICANE 

-¥ — If — If — If f — .i;.  .  '■g'wih — ,-A 1. 

DORA      AUG  28    SEPT    16  ,1964     , 

— +--T     \ 

PRESSURE 

1.  28.52   in.    St.    Augustine,    Fla. 

2.  28.80    in.    Marineland,    Fla. 

5    lives   were    lost 

Damage   was   $250,000,000    in  U.    S.              c 

12.0   ft.    Anastasia   Is.,    Fla. 
10.0  ft.    Fernandina  Beach,    Fla. 

125    mph    EST  St.    Augustine,    Fla. 
115    mph   Fernandina  Beach,    Fla. 

82   mph   gusts   to   85   Jackso.Tvill'^ ,    Fla. 

74   mph   gusts   to    101  Mayport,    Fla. 

90   moh   gusts   Brunswick,    Ga. 
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TIDES  10    rt.    Est.    Rint-au-Fer,    La, 

WIMDS 

1.  IZ',   mpli  Est.   Franiain,    La. 

2.  100  mph  Thibodaux,   La. 

PRESSURE     2G.40   in.    Franiain,    La. 

3j   live;,   Icsc   in  U.    S. 

Damage  wac   $12^,, 000, 000   in   U.    S. 


■'r-'i 
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MAJOR  HURRICANE     HILDA         SEPT  28     OCT   5  ,1964 


r-o 


1, 


K 


J^^ 

91 

L 

I 

.. 

' 

1 

'3 
1 
> 

- 

^\\ 

PRESSURE 

28.65   in   U.    S. 
6  lives  lost   In  U.   S. 
ftimage  was   $10,0S0,000   In   U.    S. 


MAJOR    HURRICANE    ALMA 


JUNE   4-14  ,1966 


TIDES 

1.  ,-10   ft.   New  Part  Richey, 

2.  7-10  ft.   Cedar  Key,    Fla. 


125  mph  Dr>'  Tortugas,  Fla. 
110  mph  Havana,  Cuba 

75  mph  gusts  to  90  mph 
Alligator  Point 

65  mph  gusts  to  95  mph 
St.  Petersburg,  Fla. 
Gusts  to  92  mph  EST 
Treasure  Island 
Gusts  to  90  mph 
Tampa  Marina 

G,;sts  to  S'^   mph  Ft.  H.-era 
G-.df  Oil 


50. 


iasi 


=i± 


=s= 


PRESSURE 

1.  27.38   In.   near  Puerto  Rico 

2.  28.00  In.   near  Tampico,   Mexico 

1*8  lives  lost  In  the  U.   S. 

Damage  was   $5,000,000  In  the  U.   S. 


jsjgsj^iaJs 


^2P 


GREAT  HURRICANE  INEZ 


SEPT  21    OCT  11 , 1966 


TIDES     5.0  ft.   Big  Pine  Key,   Fla. 

WIKDS 

1.  150  mph  gusts  to  165  mph  EST 
Big  Pine  Key,  Fla. 

2.  138  mph  Guantanamo  City,  Cuba 

3.  115  6>ists  to  127  mph  Tampico,  Mexico 
h.     Gusts  to  130  mph  EST  Marathon  Shores 

Florida 

5.  Gusts  to  120  mph  Dry  Tortugas,  Fla. 

6.  96  mph  gusts  to  110  mph  Plantation 
Key,  Fla. 


'i 


=IL 


si= 


^^ 


PRESSURE 

1.  27.96  in.  Pharr,  Tex. 

2.  28.07  in.  Brownsville,  Tex. 

3.  28.12  in.  Raymondville,  Tex. 
1*.  28.82  in.  Fremont,  Tex. 

5.  28.91  in.  San  Antonio,  Tex. 

6.  28.94  in.  Bishop,  Tex. 

(27.26  in.  by  aircraft  Just  southeast  of 
Brownsville) 

15  lives  lost  in  Texas 

Damage  was  $200,000,000  in  U.  S. 


GREAT  HURRICANE  BEULAH 


SEPT     5-22 


msr 
1. 
2. 
3. 

WINDS 
1. 


i^l\ 


12-19  ft.  EST.  Padre  Island,  Te 
7 .h   ft.  Rockport,  Texas 
7.0  ft.  Corpus  Christl,  Texas 


136  mph  S.S.  Shirley  I^rkes 

115  mph  EST  gusts  to  120  mph  Raymondville 

90  mph  EST  gusts  to  IO8  mph  Kingsvllle,  Tex. 

flj  mph  EST  gusts  to  104  mph  Edlnburg,  Tex. 

70  mph  EST  gusts  to  102  mph  Pharr,  Tex. 

85  mph  EST  gusts  to  100  mph  Premont,  Tex. 

95  mph  EST  gusts  to  100  mph  Sebastian,  Tex. 
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During  the  past  several  years  the  composite  charts  prepared  by 
Ballenzweig  (2,  3)  have  been  of  assistance  to  hurricane  forecasters 
in  identifying  circulation  patterns  which  are  either  favorable  or  un- 
favorable to  the  formation  of  tropical  cyclones.   It  seems  appropriate 
at  this  time  to  bring  up  to  date  Bal lenzweig's  work  by  making  use  of 
several  years  of  additional  data  which  have  accumulated  since  1355. 

Composite  charts  of  the  average  700-mb  circulation  and  anomaly 
patterns  for  those  tropical  storms  which  reached  hurricane  intensity  were 
prepared  for  the  period  19^7-1967.   Figure  1  shows  the  points  where  trop- 
ical cyclones  reached  hurricane  intensity  within  the  designated  regions. 
Figures  2-6  show  the  average  hemispheric  circulation  and  anomaly  patterns 
(units  are  tens  of  feet)  on  D-day  (the  day  that  hurricane  intensity  was 
reached),  and  for  D-1 ,  and  D-2,  which  are  24  hours  and  48  hours  prior  to 
the  time  hurricane  status  was  achieved. 

It  will  be  noted  that  we  have  departed  somewhat  from  Bal lenzweig 's 

approach.  The  composite  charts  were  obtained  by  averaging  the  daily  values 

for  each  of  the  three  days,  regardless  of  the  month  In  which  the  hurricane 
occurred.  The  anomaly  charts  are  the  averages  of  the  departures  from  the 


2. 


normals,  which  were  obtained  by  averaging  the  daily  normals  for  the 
ten-day  period  in  which  the  hurricane  developed. 

The  sources  of  the  data  used  in  preparing  the  composite  charts 
were  the  700-mb  charts  from  the  Extended  Forecast  Division's  diamond 
grid,  the  hurricane  tracks  published  by  Cry  (I),  and  the  700-mb  normals 
derived  by  Lewis  (4). 

The  composite  charts  are  being  issued  at  this  time  so  that  they 
may  be  available  to  the  hurricane  forecasters,  and  to  others  who  may 
be  interested  in  seeing  these  patterns,  prior  to  the  19^9  hurricane 
season.   It  is  anticipated  that  an  expanded  version  of  this  study  relating 
the  physical  and  dynamical  processes  of  hurricane  formation  to  these  cir- 
culation and  anomaly  patterns  will  be  prepared  for  publication  within  the 
near  future.  The  final  paper  will  also  include  implications  of  the  patterns 
for  hurricane  threat  potential  in  various  geographical  locations,  as  well  as 
an  attempt  to  utilize  sotne  aspects  of  this  study  on  an  operational  basis  at 
the  National  Hurricane  Center  during  the  19^9  season. 
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FIGURE.  2    GULF    OF    MEXICO 
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FIGURE. 3    CENTRAL   AND    WESTERN     CARIBBEAN 


6. 


ANOMALY     MAP 


HEIGHT     MAP 


D-TWO 


D-ONE 


D-DAY 


FIGURE.  4    ATLANTIC    ZONE    I 
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FIGURE.  5    LESSER    ANTILLES 
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FIGURE.  6    ATLANTIC     ZONE    JL 
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